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Abstract

Aspherical Supernovae
by

Daniel Nathan Kasen

Doctor of Philosophy in Physics
University of California, Berkeley

Dr. Peter Nugent, Chair

Although we know that many supernovae are aspherical, the exact nature of their geometry
is undetermined. Because all the supernovae we observe are too distant to be resolved, the
ejecta structure can’t be directly imaged, and asymmetry must be inferred from signatures in
the spectral features and polarization of the supernova light. The empirical interpretation of
this data, however, is rather limited — to learn more about the detailed supernova geometry,
theoretical modeling must been undertaken. One expects the geometry to be closely tied
to the explosion mechanism and the progenitor star system, both of which are still under
debate. Studying the 3-dimensional structure of supernovae should therefore provide new
breakthroughs in our understanding.

The goal of this thesis is to advance new techniques for calculating radiative trans-
fer in 3-dimensional expanding atmospheres, and use them to study the flux and polarization
signatures of aspherical supernovae. We develop a 3-D Monte Carlo transfer code and use
it to directly fit recent spectropolarimetric observations, as well as calculate the observ-
able properties of detailed multi-dimensional hydrodynamical explosion simulations. While
previous theoretical efforts have been restricted to ellipsoidal models, we study several
more complicated configurations that are tied to specific physical scenarios. We explore

clumpy and toroidal geometries in fitting the spectropolarimetry of the Type la supernova



SN 2001el. We then calculate the observable consequences of a supernova that has been
rendered asymmetric by crashing into a nearby companion star. Finally we fit the spectrum
of a peculiar and extraordinarily luminous Type Ic supernova. The results are brought to
bear on three broader astrophysical questions: (1) What are the progenitors and the ex-
plosion processes of Type la supernovae? (2) What effect does asymmetry have on the
observational diversity of Type Ia supernovae, and hence their use in cosmology? (3) And,
what are some of the physical properties of Type Ic supernovae, believed to be associated

with gamma-ray bursts?

Dr. Peter Nugent
Dissertation Committee Chair



To increase the accuracy or simplicity of planetary theory, Ptolemy’s successors
added epicycles to epicycles and eccentrics to eccentrics, exploiting all the immense
versatility of the fundamental Ptolemaic technique. But the seldom or never sought

fundamental modifications of that technique. The problem of the planets had
become simply a problem of design, a problem to be attacked principally by the
rearrangement of existing elements. What particular combination of deferents,
eccentrics, equants, and epicycles would account for the planetary motions with the
greatest simplicity and precision?

Thomas Kuhn, The Copernican Revolution
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Chapter 1

Introduction

The explosion of a supernova must be a spectacular event, but it’s something that
we never directly see — the spectacle is over quickly, with no more than a brief and sudden
flash. What we do observe for the months and years to come is the expanding mass of hot,
radioactive material shot out in the explosion (the supernova ejecta). The ejecta can glow
as bright as a billion suns; bright enough to be seen billions of light years away.

It’s not so easy to understand what we are seeing. The light emanating from
the ejecta is the result of a complicated array of physical processes. To interpret the
observations, we need to model how light is generated within the ejecta, how the light
interacts with material inside the ejecta, and what the light looks like when it finally escapes
to be captured by our telescopes. The results of such radiative transfer calculations can
be directly compared to observations, in particular the brightness, color, spectrum and
polarization of the supernova light. In doing so we hope to constrain the physical properties
of the ejecta, such as its mass, expansion velocities, and chemical composition. Studying
supernova ejecta in this way provides our main clues to the nature of the explosion itself,
and the progenitor star system that gave rise to it.

One might expect the geometry of the supernova ejecta to provide particularly
valuable insight into the conditions that led to its ejection. Unfortunately, almost all ob-

served supernovae are too distant to be resolved, so we can’t directly image the ejecta



structure. The only recourse it to use three-dimensional (3-D) radiative transfer models
to determine how the ejecta shape might affect those quantities that are observable, in
particular the spectral features and polarization of the supernova light.

The goal of this thesis is to advance new techniques for calculating 3-D radiative

transfer, and to use them to interpret recent observations of supernovae.

1.1 Asymmetry of Supernovae

For the most part, spherically symmetric models have been successful in explain-
ing the bulk properties of many observed supernovae. However, there are several reasons,
both theoretical and observational, to believe that supernovae may have an intricate 3-
dimensional structure. Among the theoretically anticipated scenarios that could lead to
an asymmetry, we might mention the following: (1) Explosions of an initially aspherical
progenitor star, e.g., one distorted by rapid rotation (Yamada & Sato, 1990; Steinmetz &
Hoeflich, 1992); (2) Explosions occurring in a binary star system, for example the merging
of two white-dwarf stars (Webbink, 1984; Iben & Tutukov, 1984), or the impact of an ex-
ploding star on its nearby companion (Marietta et al., 2000); (3) Random asymmetries in
the explosion physics due to Rayleigh-Taylor instabilities, convective mixing, or instabili-
ties in the nuclear burning front (Chevalier & Klein, 1978; Burrows et al., 1995; Kifonidis
et al., 2000; Gamezo et al., 2003); (4) Inherently asymmetric explosion mechanisms, such as
supernovae powered by bipolar jets from an accreting black hole (MacFadyen & Woosley,
1999; Khokhlov et al., 1999; Maeda et al., 2002).

Several lines of observational evidence have shown that some supernovae are indeed
aspherical, including: (1) The interesting morphologies of the nearby remnants of ancient
supernova explosions, e.g. Cas A (Fesen & Gunderson, 1996; Hwang et al., 2000) and
Tycho (Decourchelle et al., 2001), which show clumpy, filamentary, and occasionally “jet-
like” structures; (2) The peculiar shape of some line features in the optical spectra of
supernovae, which have been used to infer a clumpy distribution of line opacity, e.g., the

“Bochum event” observed in the Ha feature of SN 1987A (Phillips & Heathcote, 1989;



Utrobin et al., 1995); (3) The non-zero polarization measured in several supernovae, which
indicates a preferred orientation of the ejecta geometry (e.g., Wang et al., 1996a,b, 2003a,b;
Leonard et al., 2000b; Leonard & Filippenko, 2001; Leonard et al., 2001, 2002).

The last of these — supernova polarization observations — promises to be a new
breakthrough in the study of ejecta asymmetry. It has only been in the last five years
or so that high quality polarization measurements of supernovae have started becoming
routine. Such observations are exceedingly difficult, as the polarization level in supernovae
is typically of order < 1%. The recent breakthrough was only possible by spending hours
of observing time on the largest telescopes, picking out the very small signal in the dim and
quickly fading supernova light.

The focus of this thesis will be in studying the optical flux and polarization spec-
trum of supernovae in the early phases (f < a few months). Empirical interpretation of this
data is rather limited — therefore to learn more about the supernova geometry, theoretical

modeling must been undertaken.

1.2 The Theoretical Supernova Problem

The theoretical modeling of supernova explosions is one of the most challenging
problems in astrophysics, encompassing all of the following: (1) Stellar evolution calcu-
lations to evolve a main-sequence star (or stellar system) to the pre-supernova stage; (2)
Calculations of the the neutrino transfer, hydrodynamics, and explosive nucleosynthesis that
lead to the supernova eruption; (3) Radiation/hydrodynamics calculations of the expulsion
of the stellar envelope and its subsequent expansion; (4) Radiative transfer calculations to
compute the spectra and polarization of the final ejecta structure once it has reached the
free-expansion stage.

The challenge of solving this full supernova problem in 3-D is a formidable one,
and generally we will have to oversimplify many aspects of the simulations. However,
given recent advances in multi-processor supercomputers, several large-scale computational

programs are now beginning to simulate sophisticated supernova explosions in 3-D (e.g.



Fryxell et al., 2000; Mezzacappa et al., 2002; Reinecke et al., 2002; Gamezo et al., 2003;
Fryer & Warren, 2004).

For the most part, the 3-D radiative transfer component in these projects has
been neglected; the work of this thesis is thus a first step toward bridging the gap between
the 3-D models and the recent advance of spectropolarimetric observations. Two general

methodologies to the radiative transfer problem can be applied:

1. The “top-down” approach: From an observational perspective, radiative transfer cal-
culations are needed to directly interpret newly acquired supernova data. In the
“top-down” approach, one uses fast, highly parameterized models that often grossly
simplify the physics of the radiative transfer. The model parameters are varied by
hand in an empirical spirit until a good fit to the data is found. The extracted infor-
mation on the ejecta structure can be used to speculate about the sort of theoretical

scenarios needed to reproduce the observed supernova properties.

2. The “bottom-up” approach: From a theoretical perspective, radiative transfer cal-
culations are needed as the final processing stage of first-principle hydrodynami-
cal/explosion models. The output of such models (i.e., the density, velocities and
composition of the ejecta structure) are not directly comparable to observations. In
computing synthetic model light curves, spectra, and polarization, radiative transfer
calculations provide the definitive test of which theoretical scenarios successfully ex-
plain the observed phenomenon. For this purpose, one desires radiative transfer codes

of the highest physical accuracy, and with the fewest free parameters.

In general, both of these approaches to the radiative transfer problem are needed
to advance our understanding of supernovae, and in this thesis, we will pursue examples of

each.



1.3 Astrophysical Motivations

Besides being interesting objects in their own right, supernovae have a broad
astrophysical relevance. Supernovae are the inevitable fate of massive stars and, in the
same breath, the birthplace of compact objects such as neutron stars and (probably) black
holes. The explosive nuclear burning in supernova explosions has synthesized most of the
heavy elements that enrich the stars, and are required for the building of terrestrial planets
(and ourselves). In addition, the remnants of supernovae are important in the reprocessing
of the interstellar medium, and in the acceleration of cosmic rays.

These important roles played by supernovae have been known for some time. More

recently, however, three exciting developments have piqued the astrophysicist’s interest:

1. The gamma-ray burst/supernova connection: The one class of astrophysical phenom-
ena that might match the raw explosive appeal of supernovae is the gamma-ray bursts
(GRBs). That some GRBs may in fact be produced in supernova explosions has been
the source of much speculation ever since the peculiar Type Ic supernova SN 1998bw
was discovered in the error box of GRB 980425 (Galama et al., 1998). Recently, this
connection was definitively confirmed with the detection of a supernova (SN 2003dh)
in the optical afterglow of GRB 030329 (Hjorth et al., 2003; Stanek et al., 2003; Math-
eson et al., 2003). Most theoretical explanations of the supernova/GRB phenomenon
involve highly asymmetric explosions, usually powered by bipolar jets (MacFadyen &
Woosley, 1999). Spherical models have also been proposed (Tan et al., 2001). By
studying the geometry and energetics of Type Ic supernova ejecta, we can hope to

illuminate as well the progenitors and central engines of GRBs.

2. The progenitors and explosion mechanism of Type Ia supernovae: Type Ia supernovae
(SNe Ia) are widely believed to be the thermonuclear explosion of a white dwarf. The
exact nature of the progenitor system and the explosion scenario, however, remain un-
clear. Recent 3-D explosion models of SNe Ia have begun to make detailed predictions

regarding the ejecta structure arising in different scenarios. For example, if SNe la



arise in a binary star system, the existence of a nearby companion star may introduce
an asymimetry in the ejecta. The instabilities in the nuclear flame physics can also
lead to a complicated “clumpy” ejecta structure. Thus, studying the geometry and
polarization properties of SNe la will provide completely new insights into the origin

of these events.

. Type-la supernovae and cosmology. The high-luminosity and homogeneity of Type la
supernovae makes them attractive tools for measuring the cosmological parameters,
leading to the recent discovery of the acceleration of the universe (Riess et al., 1998;
Perlmutter et al., 1999). In future cosmology experiments, the primary challenge is to
refine SNe Ia as calibrated candles by reducing their intrinsic scatter in luminosity, and
controlling for systematic errors due to potential evolution with redshift. A serious
concern for cosmology applications is the increasing number of “peculiar” SNe Ia
discovered in the last few years (e.g., Li et al., 2001a,b, 2003; Howell, 2004). Some
SNe Ia are known from polarization observations to be aspherical, and this is likely

responsible for some of the observed diversity.

While these issues are not the direct focus of this thesis, we will touch on each of them, as

multi-dimensional studies of supernovae can make important contributions to our under-

standing.

1.4 Organization of this Thesis

The first two chapters of this thesis introduce the general concepts and techniques

needed to approach the radiative transfer problem in supernovae. In Chapter 2, we provide

a brief overview of supernovae, and describe the basic physical ideas behind their flux and

polarization spectra. We introduce the Sobolev method for computing line formation in

expanding atmospheres, and derive some new analytic formulae that can be used to derive

the physical conditions in the ejecta directly from the shape of observed line features.

In Chapter 3, we attack the radiative transfer problem in earnest, adopting a



Monte Carlo strategy. We describe the structure of a code that handles arbitrary 3-D
supernova geometries, and includes an integrated gamma-ray transfer routine, polarization
calculations, and a radiative equilibrium solution of the atmospheric temperature structure.

The following three chapters consist of applications of the radiative transfer tech-
niques. In Chapter 4, we study SN 2001el, the first normal Type la supernova to show a
significant polarization signal (Wang et al., 2003a; Kasen et al., 2003b). Using a “top-down”
approach, we simultaneously fit the flux and polarization of an unusual, high-velocity line
feature. This allows us to constrain the geometry of the outer layers of supernova ejecta.

In Chapter 5, we take a “bottom-up” approach, calculating the optical properties
of a multi-dimensional SN Ta hydrodynamical model. Marietta et al. (2000) have predicted
that the impact of the supernova on a nearby companion star will carve out a conical hole
in the ejecta. We show that this “ejecta-hole asymmetry” is in fact consistent with what is
known about about SNe Ia, and may explain some of the observed polarization properties
and spectral diversity (Kasen et al., 2003a). In addition, we describe a few polarization
signatures of an ejecta hole that can be used in the future to test the binary progenitor
scenario of SNe Ia.

In Chapter 6 we explore the spectral properties of a very unusual Type Ic su-
pernova. SN 1999as was one of the most luminous supernovae ever, more than 6 times
brighter than SN 1998bw. But in contrast to SN 1998bw, its spectrum showed surprisingly
low expansion velocities, as well as several peculiar narrow Fe II absorption features. We
show first that the spherical “hypernova” explosion models used to explain SN 1998bw are
inconsistent with the spectra of SN 1999as. We then argue that circumstellar interaction
may have played an important role in powering the luminosity of this supernova, and in

dramatically restructuring the outer layers of ejecta.



Chapter 2

The Spectra and Polarization of

Supernovae

2.1 Overview of Supernovae

' or a few

At its peak, the luminosity of a supernova can reach L ~ 10*® ergs s~
billion times the brightness of the sun. In some cases the supernova may outshine all of the
stars in the galaxy from which it came.

The extraordinary luminosity suggests that supernovae have large surface areas.
For objects bright at visible wavelengths, we expect blackbody temperatures around 7' =
6000 K. Using the relationship L = 47 R?0T*, we find that the observed luminosity implies
a radius of R =~ 10" cm, or twenty times larger than the radius of the largest supergiant
stars. To explain this large radius, we might suppose that the supernova has expanded to
its present size over the 20 days or so it took it to reach peak brightness. The implied

! or a few percent of the speed of light.

velocity of the material is then R/t ~ 10 cm s~
These kind of velocities are in fact observed in the Doppler shifts of absorption lines in the
supernova spectrum.

Typically the luminosity of a supernova rises to and declines from its peak in a



Blue Magnitude

Ib

0 50 100 150 200 250 300 350 400

Days after Maximum Light
(From Wheeler, 1990)

Figure 2.1 Light curves of different types of supernovae (from Wheeler, 1990). Each tick

mark on the vertical axis corresponds to one magnitude.

period of t, ~ a few months (see Figure 2.1). Assuming that this temporal behavior results
from the diffusion of photons out of the optically thick ejecta, we can make a rough estimate
of the mass of the supernova material. A typical photon will take N = (R/)\,)? steps in
random walking out of the ejecta, where A, is the mean free path and R the ejecta radius.
Using \p, = kp and R = vtg, we can solve for the diffusion time t; =~ N A, /c,

IV MAN\Y2 7100 km s\ /2 1/2
1y~ “_zmdays<ﬁ) <7m> <7> RENCRY

cv ® v 0.4 g cm—2

where the opacity k ~ 0.4 is appropriate for electron scattering in ionized hydrogen. The
observation 7, ~ 60 days suggests M ~ 1My. Longer duration luminosities (e.g., the
SN IIP) may correspond to larger ejecta masses. Once the ejecta become optically thin, the
light curve reaches a “tail” where the luminosity declines exponentially (Figure 2.1).

A supernova therefore consists of roughly a few solar masses or so of material ex-
panding at high velocity, which suggests that we are witnessing the remnants of an exploded

star. The implied kinetic energy of the explosion is large, Ej ~ 1/2Mv? ~ 10°! ergs. By



10

comparison, the total energy the supernova radiates over its lifetime is about F, ~ Li; =~
107 ergs; thus although supernovae are incredibly luminous, their radiated energy is only
about 1 percent of the total kinetic energy.

What might the source of this enormous energy be? Two possibilities are believed
to be realized:

(1) Core collapse supernovae: After massive (M 2 10Mg) stars have exhausted
their nuclear fuel, the inner core collapses to form a neutron star. The gravitational binding
energy of a cool neutron star (~ 3 x 1053 ergs) is sufficient to power a supernova, although
it is not clear how exactly this energy is tapped to explode the star. The collapse releases a
few times 1052 ergs in neutrinos, which are thought to energize a shock wave in the stellar
envelope. Detailed 1-D simulations of this process, however, fail to produce a supernova
(Burrows & Thompson, 2003), and therefore multidimensional effects (e.g., convection)
appear to be essential. There is also the possibility that some stellar cores collapse all the
way to form a black hole, after which the outer layers may be ejected through an energetic,
bipolar jet (Woosley, 1993).

(2) Thermonuclear supernovae: There are various scenarios whereby a supernova
may be triggered by the thermonuclear disruption of a carbon/oxygen white dwarf. For
reasons discussed by Branch et al. (1995), Livio (2000), and others, the current favored
progenitor scenario involves a white dwarf accreting material from a non-degenerate com-
panion star (the single-degenerate scenario). When the mass of the accreting white dwarf
approaches the limiting Chandrasekhar mass M., =~ 1.4M, the temperature in the cen-
ter becomes high enough to ignite carbon. The energy released in carbon burning heats
the star, which increases the burning rate further; because the white dwarf is degenerate,
thermal pressure is initially insufficient to expand the star and quench the burning the
result is a thermonuclear runaway. The energy liberated in burning carbon and oxygen is
about 8 x 10'7 ergs/g, so that incinerating about ~ 0.6 Mg of the white dwarf results in
~ 10! ergs, sufficient to unbind the star and power a supernova explosion. Such thermonu-
clear explosions are labeled Type Ia supernovae (SNe Ia).

Immediately following a SN Ia explosion, the energy released from nuclear burn-
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Figure 2.2 Composition structure of the spherical Type Ia explosion model W7, immediately

following the explosion; from Nomoto et al. (1984).

ing is about equally split between the kinetic energy and the thermal energy of the hot
expanding ejecta. However, because the progenitors of SNe Ia are compact white dwarfs of
small radius (R ~ 5 x 108 c¢m), they cool very quickly by adiabatic expansion. The cooling
occurs as each hot shell of ejecta does P dV work and accelerates the shell ahead of it
in this way almost all of the thermal energy from the explosion is converted into kinetic
energy. This leaves the question of what powers the optical display; the answer is that
the SN Ia luminosity is solely powered by the decay of radioactive isotopes synthesized in
the explosion, in particular **Ni, which releases energetic gamma-rays in the decay chain
Ni — 56Co — 5Fe. The gamma-rays are absorbed and thermalized in the ejecta, to
eventually re-emerge as the optical photons we observe.

Because °°Ni is a doubly-magic nucleus, it is typically the primary isotope syn-
thesized whenever temperatures are high enough to reach nuclear statistical equilibrium
(Thse = 5 X 10° K). Figure 2.2 shows the resulting composition structure in a parameter-
ized, spherical SN Ia explosion model (the w7 model; Nomoto et al., 1984). Most of the
inner layers of the model are completely burned to °Ni (although in the very center the

high neutrino excess favors production of *Fe). Above the 5Ni zone, the temperatures
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Composition, t=1.79 sec

Figure 2.3 Composition structure of a 3-D Type la deflagration explosion model; from

Khokhlov (1994).

are insufficient to completely burn C/O, and mostly silicon and sulfur are produced, along
with some calcium and magnesium. Such intermediate-mass elements are prominent in the
spectra of SNe Ia. The very outer layers of the model consist of unburned carbon and
oxygen from the original white dwarf.

Realistic 3-D models of SN Ia explosions fail to show the stratified composition
structure of Figure 2.2. For example, Figure 2.3 shows the result of a 3-D simulation of the
deflagration (i.e., subsonic, turbulent burning) of a white dwarf (Khokhlov, 1994). Because
the hot burned material is buoyant and hydrodynamically unstable, one finds plumes of
%Ni floating upward in a substrate of unburned C/O. Whether this sort of highly aspherical
explosion produces a realistic-looking SN Ia is not yet clear; the question awaits detailed
3-D radiative transfer calculations like those begun in this thesis. If not, one may rather
favor a scenario where the subsonic deflagration transitions into a supersonic detonation,
which would quickly burn away the inhomogeneities (Khokhlov, 1991). Unfortunately, the

physics of such a deflagration-to-detonation transition is not well understood.
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2.2 Spectra of Supernovae

Empirically, supernovae are classified according to the line features appearing in
their optical spectra (Figure 2.4). The spectra provide a powerful observational probe into
the structure of the supernova ejecta, with the strength of line features constraining the
supernova composition and density structure, and the Doppler shifts of lines indicating
the expansion velocities. In supernovae, the expansion follows a homologous velocity law,
where the velocity is porportional to radius 0 = 7/texp (fexp is the time elapsed since the
explosion). This is just the equation of material freely expanding in the abscence of forces.
Such a flow is self-similar, such that over time the structure of the ejecta remains fixed in
velocity coordinates. For this reason we prefer to use velocity as a radial coordinate, where
it is understood that a “velocity distance” v corresponds to a physical distance vtey,. The
line flux at different Doppler shifts thus gives us information regarding the distribution of
the supernova ejecta in velocity space.

During the early, optically thick phases, the spectra of supernovae consist of broad
line features superimposed on a pseudo-blackbody continuum. The line profiles have a
characteristic P-Cygni shape, consisting of a blueshifted absorption and a redward emis-
sion feature (see Figure 2.5). The shape and width of the profile is the natural result of
Doppler shifts arising from the expansion of the supernova ejecta. In the simple diagram of
Figure 2.5, the continuum flux can be thought of as coming from the surface of an optically
thick photosphere (the “light bulb shining through the fog”). Line formation occurs in the
“fog” above the photosphere, which we call the supernova atmosphere. The line opacity
in the region directly intervening between the photosphere and the observer (the “absorp-
tion region”) scatters or absorbs flux from the photosphere, thereby causing an absorption
feature. As the material in the absorption region is moving toward the observer, the ab-
sorption feature is blueshifted. Material outside of this “tube” (the “emission region”) does
not obscure the photosphere, but rather scatters or emits additional flux into the observer
line of sight. This leads to an emission feature that is centered on the line rest wavelength.

The material in the tube behind the photosphere (the “occluded region”) is not visible at
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Figure 2.5 Formation of the P-Cygni line profile. All the material on a vertical plane
perpendicular to the observer’s line of sight has the same component of velocity along the

observer’s line of sight, and hence the same Doppler shift.

all.
The breadth of P-Cygni profiles in supernova spectra reflects the fact that the

ejecta velocity along the observer’s line of sight typically ranges from ~ —20, 000 to 20, 000
km s !, corresponding to a Doppler shift width of 600 A at 5000 A. Because of this breadth,
each feature in a supernova spectrum is typically a blend of the P-Cygni profiles from many
different line transitions. This greatly complicates the identification and analysis of the line

features.
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2.2.1 Calculation of Line Profiles

Because the P-Cygni profile will be a focal point of this thesis, it is useful to
consider the line formation in more detail. As a useful heuristic, we assume that the
continuum flux emerges from an optically thick, sharply delineated photosphere, and that
there is no continuous opacity above the photosphere. The photosphere represents the
surface at which the optical depth to electron scattering equals one — in reality a sharp
distinction does not exist, rather there is a gradual transition from the optically thick to
optically thin regimes.

Consider a photon emanating from the photosphere and propagating through this
atmosphere toward the observer (labeled the z direction). Because the atmosphere is in
differential expansion, the wavelength of the propagating photon is constantly Doppler
shifting with respect to the local co-moving frame. If the photon wavelength in the observer

frame is A, then its co-moving wavelength is given by the (non-relativistic) Doppler formula

AZOC:A<1+B>:>\<1+ z ) (2.2)
c Clexp

where we have assumed a homologous expansion law. Suppose the only opacity in the

atmosphere is due to a single line with rest center wavelength \g. The photon will come

into resonance with the line when \;,. = A\g, which by Equation 2.2 is at a point
zr = ct(Ag/X —1). (2.3)

The region where the photon encounters the line opacity is known as a resonance region.
Because the intrinsic width of the line is typically very small (thermal Doppler velocity of
vg ~ 5 km sfl) compared to the dimensions over which the properties of the atmosphere
vary (v~ 1000 km s !), the resonance region is in fact very small and can be approximated
by a point. This is known as the Sobolev approximation, or narrow line limit, and will be
applied repeatedly throughout this thesis.

Let I, be the specific intensity of a beam emerging from the photosphere in the z

direction along a beam given by coordinates z,y. The intensity that reaches the observer
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at infinity after passing through the line forming region is given by the Sobolev formalism
I)\(xuy) :Ip(xuy)eiq——i_(l _eT)S(xuyazT‘)u (24)

where 7 is the Sobolev line optical depth at the resonance point (z,y, z,) and S is the line
source-function at this point. The first term in Equation 2.4 represents the photospheric
light attenuated by the line optical depth; the second term represents light scattered or
created to emerge into the line of sight by the line.

To generate the observed spectrum of an unresolved object, the specific intensity
of Equation 2.4 must be integrated over the projected surface of the atmosphere, i.e., over
the x — y plane. Thus, a wavelength X in the observed spectrum gives us information about
the line optical depth and source function integrated over a plane at z,, perpendicular
to the observer’s line of sight. Because all the material on such a z-plane has the same
velocity component along the observer’s line of sight (and hence the same Doppler shift,
Equation 2.2) it is called a constant-velocity (CV) surface.

For a spherical atmosphere, it is useful to use polar coordinates (z, p, ¢) such that
the observer’s line of sight is the z direction, with z increasing away from the observer. Let
vph be the velocity of the photosphere, and rp, = vphtexp its radius. The emergent flux can

then be written as an integral over the impact parameter p,

P;(:) = /Opo Ionpdp + /oo S(r)(1 —¢(r)pdp + /Tph LnC(r)pdp (2.5)

Po Po

1 [ee] Tph
= gttt [ SO0 oMyt [ T

where ((r) = ¢ (") and F(z) is the observed flux (apart from a factor of 1/D?, where D is
the distance to the supernova) at wavelength A\ = X\ — Ay = Agz/ct. The limit pg is given

by the p location of the spherical photosphere for a given z, namely

0 for z < —rpp (blue side)

po = rgh — 22 for —rpn <2< 0 (mid region)

Tph for z >0 (red side)
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In what follows, we call the part of the line profile where z < —rp), the blue side, the part

where —rp, < z < 0 the mid region, and the part where z > 0 the red side.

2.2.2 Inversion of Supernova Lines

For a given line in a spherical supernova atmosphere, one can specify 7(r) and
S(r) and use Equation 2.5 to calculate a synthetic line profile. The values of 7(r) and S(r)
can then be adjusted through trial and error until they provide a good fit to observations;
in this way we hope to constrain the composition and distribution of the supernova ejecta
(e.g., Millard et al., 1999; Hatano et al., 1999). However, given the relative simplicity of
Equation 2.5, it is possible, under certain conditions, to solve this inverse problem mathe-
matically. For example, Ignace & Hendry (2000) derived an analytic formula that gave a
combination of S(r) and 7(r) as a function of the derivative of the red side of an emission
feature. Here we derive a complete inversion solution for extracting both S(r) and 7(r)
from an observed line profile (Kasen et al., 2002).

We derive the inversion formulae assuming spherical symmetry, a homologously
expanding atmosphere surrounding a sharp continuum-emitting photosphere that absorbs
any flux scattered back onto it, no continuous opacity, and no line blending. Even when
these assumptions are not strictly valid, the formulae should still give considerable insight
into the physical conditions in the atmosphere. On the other hand, the limitations of the
formulae provide an interesting result in their own right — they clearly show what type
of features are impossible under the above assumptions, making it obvious where more
complicated scenarios must be invoked to explain a spectrum. Of most interest to us, of

course, are potential signatures of the breakdown of spherical symmetry.

Inversion for 7(r)

We consider the inversion of each region of the line in turn, beginning with the mid
region. The mid region of the line profile turns out to be sensitive only to the optical depth

of the line near the photosphere. Using Equation 2.5, we change the integration variable
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from p to r = \/p? + 22, and divide through by I

72 Tph oo /Z2+T;h
%hf(z) = / rdr-i—/ S(T)(l((r))rdr-l-/ ¢C(r)rdr, (2.6)

Z‘ Tph Tph

where we have defined s(r) = S(r)/I,n and f(z) = F(z)/(ﬁfphrgh) (i.e. the total flux
divided by the continuum flux). I, has been assumed to be constant over the line profile.

Written this way we see that the term involving the source function is independent
of z and so contributes a constant amount to the flux for every wavelength point in the mid
region. The derivative of the mid region is therefore independent of the source function.
The change in flux from a velocity surface at z to one at z — Az is due only to the fact that
a bit more of the photosphere is now obscured by the optical depth of the line. One then
expects the derivative df /dz to depend only on the optical depth.

Since the terms in Equation 2.6 only depend on z in the limits of the integral we

can differentiate the integrals using Leibnitz’ rule

d [z dny

g(t) dt = g(1) ]

g% (27)

dz Je(z)

Applying Equation 2.7 to Equation 2.6 allows us to solve for {(r),

2y df A2 df (vpn)’
_ /2 2y—=1_-Ph%Y ;o Y (Zph 2.
Clr=yfron +2°) 2|2] dz 2]AN| dAA( c )’ 28)

which is valid for —rp, < z < 0. In using Equation 2.8 to calculate ((r) from a spectrum,
one can choose either A\, z, or r as the independent parameter. For instance, from A\
(which is always less than zero for Equation [2.8]) the other two parameters are determined
by z = rpn(AX/Xo)(c/vpn) and r = 1/T;2)h + 22, The velocity of the photosphere must be
determined independently from a different line in the spectrum.

Equation 2.8 gives us some immediate insight into the relationship between line
shape and optical depth. The steepness of the mid region (once the photospheric velocity
has been scaled out) is a direct indication of the Sobolev optical depth. If no line feature

exists, then df /dz = 0 and hence ¢ =1 (i.e., 7 = 0). Thus, the absence of a feature implies
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either negligible line optical depth or the breakdown of our assumptions — in this formalism
there is no choice for the source function that allows a line to “erase” itself. A stair-step mid
region could be a signal that the optical depth near the photosphere is oscillating between
small and large values (i.e., the medium is clumpy in the radial direction).

Equation 2.8 only gives the value of ¢ for the radial region rp, < r < \/§rph. This
is expected to be the region of highest density opacity in the atmosphere. Nevertheless, in
the following we show how it is possible to extend the solution for ((r) to arbitrary r by

using information from the blue and red sides of the line profile.

Inversion for S(r)

We next consider the inversion of the red side of the line, which will allow us to
solve for the source function. For the red side, the flux is given by a source term plus an

unobstructed photosphere term

T 1 o0

th(z) = 57”3}1 + /\/ms(r)(l = C(r))rdr. (2.9)
ph

The second term in Equation 2.9 is a constant with respect to z since the photosphere is

always completely unobscured for z > (0. The same technique of differentiating the integral

allows us to solve for s(r),

2

3 r 1 df
5(7”: Tgh—i-ZQ) = _%;(7“)5% (2'10)

1 A df (g’
1 —((r)2ANdAN\ ¢

which is valid for all z > 0 and the independent parameter can be chosen to be any of A,
z, or r. This is essentially the same result derived by Ignace & Hendry (2000). Because
Equation 2.8 together with Equation 2.14 (see below) gives ( everywhere, Equation 2.10
can be used to determine the source function at all radii above the photosphere. Note that
if 7 =0, then ( =1 and Equation 2.10 is undefined — if a line has no optical depth it is of

course impossible to determine its source function. For large optical depth, { = 0, and the
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shape of the red side depends on the source function only. Since s > 0 and ¢ < 1 we must

have df /dz > 0 on the red side — the red side always decreases (or stays flat) to the red.

Inversion for 7(r) for r > v/2r,,

Finally, the flux from the blue side of the profile will allow us to extend the solution
of { to large r. The flux is given by a source term plus a fully obstructed photosphere
2 oo (Jr2 422
T h
b f) :/ s(r)(1 C(T))Tdr-l—/ T () (2.11)
|| ||

The same differentiation technique yields

Clr = 7+ 20 = (=D + (=L (=) - 322 (212)

which is valid for z < —r,. Making use of spherical symmetry, Equation 2.10 can be used
to replace the second term in Equation 2.12 with

7idf(z+)
224y dz

s(l2))(1 = ¢(l2])) =

(2.13)

where z, = /2% — rgh. Combining Equations 2.12 and 2.13 we obtain

Cr=1/2+r) = Clr=]) (2.14)
A2 [ vpn 2 1 df
2\ ¢ AXdAN

where |z| > rpp is the independent parameter for evaluating {(r = /22 + rpn) from ((r =

|z|) and df /dz. Given ((r) for r € [nrpn, v'n + 1rpp], Equation 2.14 allows us to evaluate

RS .
AN=39[2—r2, [AA AN Ax= 2% ’

((r) for r € [v/n+ 1rpn,v/n + 2rph], where n > 1 is an integer. Beginning with ((r) for
7 € [rphs V2rpn], given by Equation 2.8, we can in fact use Equation 2.14 to find ¢(r) for all
values of r.

The applicability of the inversion formulae presented here will necessarily be lim-
ited by the numerous assumptions that went into their derivation. Nevertheless, it is inter-

esting to note that this particular inversion problem possesses a unique solution for both
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S(r) and 7(r). A persistent worry in supernova modeling is that very different physical
parameters may lead to identical looking synthetic spectra. The analytic solutions above
demonstrate that, at least in principle, each different choice of S(r) and 7(r) produces a
distinct line profile (although in practice it may be impossible to discern the differences from
noisy data). For aspherical geometries, a unique inversion is obviously no longer possible.
For a 3-D atmosphere, 7 and S may vary arbitrarily across a given CV plane, but all the
information is integrated over to produce the flux at the corresponding wavelength. Thus
in pressing forward with our investigations into the 3-D structure of supernovae, we are

plainly facing an insoluble inverse problem.

2.3 Polarization of Supernovae

While the flux spectra of supernovae may offer limited insight into the ejecta
geometry, measurements of the polarization of supernova light provide a direct probe of
asymmetry (Shapiro & Sutherland, 1982). Because a spherically symmetric system has no
preferred direction, the net polarization must cancel a non-zero polarization detection
demands some degree of asymmetry. In the last five years or so, high quality supernova po-
larization measurements have become increasingly available. The latest spectropolarimetric
observations have relatively good signal-to-noise ratio and spectral resolution, allowing us
to study the polarization over individual line features.

Observers have now detected polarization in supernovae of all types. Notable
polarization observations of Type II core-collapse supernovae include SN 1987A (Cropper
et al., 1988; Bailey, 1988), SN 1993J (Trammell et al., 1993; Hoflich et al., 1996; Tran et al.,
1997), SN1999em (Leonard et al., 2001), and the Type IIn SN 1998S (Leonard et al., 2000a).
Polarization measurements of Type Ic supernovae include the highly polarized SN 1997X
(Wang et al., 2001) and the “hypernova-like” SN 2002ap (Leonard et al., 2002; Wang et al.,
2003b). On average, the polarization in thermonuclear supernovae appears to be lower than
in the core collapse SNe (Wang et al., 1996b, 1997; Leonard et al., 2000b). Nevertheless, a

strong polarization signal of ~0.7% was detected in the subluminous and spectroscopically
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peculiar SN 1999by (Howell et al., 2001), and polarization of ~0.4% has also been measured
in the normal Type Ia supernova SN 2001el, the subject of our studies in Chapter 4.

2.3.1 Polarization Basics

The polarization state of light describes an anisotropy in the time-averaged vibra-
tion of the electric field vector. A beam of radiation where the electric field vector vibrates
in one specific plane is completely (or fully) linearly polarized. A beam of radiation where
the electric field vector vibrates with no preferred direction is unpolarized. Imagine holding
a polarization filter in front of a completely linearly polarized light beam of intensity Ir.
The filter only transmits the component of electric field parallel to the filter axis. Thus as
the filter is rotated, the transmitted intensity, which is proportional to the square of the
electric field, varies as I(0) = Iy, cos? f (where 6 is the angle between the electric field and
the filter axis).

The light measured from astrophysical objects is the super-position of many indi-
vidual waves of varying polarization. Imagine a light beam consisting of the super-position
of two completely linearly polarized beams of intensity /;, and Ig, whose electric field vec-
tors are oriented 90° to each other. If the beams add incoherently, the transmitted intensity

is the sum of each separate beam intensity
I(0) = Ij,cos? 0 + I cos®(0 + 90°) = I, cos? 6 + I sin? 6. (2.15)

If the beams are of equal intensity, I;, = Ip, then the transmitted intensity shows no
directional dependence upon 6 — i.e., the light is unpolarized. In this sense, we say that the
polarization of a light beam is “canceled” by an equal intensity beam of orthogonal — or
“opposite”  polarization. If I; # Ip the cancellation is incomplete, and the beam is said
to be partially linearly polarized. The degree of polarization P is defined as the maximum
percentage change of the intensity, in this case
I, —Ig

== = 2.16
I, + Ik ( )
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The polarization position angle (labeled x) is defined as the angle at which the transmitted
intensity is maximum.

It is tempting to think of the polarization as a (two dimensional) vector, since it
has both a magnitude and a direction. Actually the polarization is a percent difference
in intensity, and intensity is the square of a vector (the electric field). The polarization is
actually a quasi-vector; that is, polarization directions 180° (not 360°) apart are considered
identical. The additive properties of the polarization thus differ slightly from the vector
case, as evidenced by the fact that the polarization is canceled by another equal beam
oriented 90° to it, rather than one at 180° as in vector addition.

In this case, a useful convention for describing polarization is through the Stokes
parameters, I, Qm and U, which measure the difference of intensities oriented 90° to each
other. A Stokes vector can be defined and illustrated pictorially as (Landi degl’Innocenti,

2002)

I Tgo + Iggo i + <
I=1Q|=1 loo—1Iooe |, =|T—¢ (2.17)
U Iyse — I 450 N8

where Iggo, for instance, designates the intensity measured with the polarizing filter oriented
90° to a specified direction called the polarization reference direction. To determine the
superposition of two polarized beams, one simply adds their Stokes vectors. (A fourth Stokes
parameter V measures the circular polarization of the radiation, but will not be discussed
further, as circular polarization measurements have not been attempted for supernovae. For
scattering atmospheres without magnetic fields, the radiative transfer equation for circular
polarization separates from the linear polarization equations, allowing us to ignore V' in our
calculations).

We further define the fractional polarizations ¢ = Q/I and v = U/I. The degree

of polarization (P) and the position angle (x) can then be written in terms of the Stokes
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Parameters

p= V&I _ o 218)

7 2+U2,

X = %tan’l(U/Q) _ %tanfl(u/q). (2.19)

2.3.2 Polarization In Supernova Atmospheres

The light from supernovae originates in thermal emission processes, which, being
the result of random collisional processes, are necessarily unpolarized. The cause of po-
larization is believed to be the subsequent scattering by electrons, a dominate source of
opacity in the hot, ionized atmospheres of supernovae.

To understand the polarizing effect of electron scattering, note that an electron
scatters a fully polarized beam of radiation according to a dipolar sin? ¢y angular distribution
(where 1) is the angle measured from the incident polarization direction). As mentioned
above, incident unpolarized light can be considered the sum of two fully polarized beams
oriented perpendicular to each other. The effect of the electron scatter is then to redistribute
each of these polarized beams according to a differently oriented dipole pattern. In certain
directions, therefore, the two beams no longer cancel and the polarization is non-zero. By
careful consideration of the geometry of the sin? 1) redistribution, the effect of an electron

scattering on the Stokes vector Ij, can be expressed as

cos?2O®+1 cos?O —1 0
3
Tout = 5 cos?© — 1 cos?0O +1 0 Lin, (2.20)
0 0 2cos ©

where © is the angle between the incoming and the scattered photon. The matrix acting
on I, is called the Rayleigh phase matrix. The degree of polarization of scattered, initially

unpolarized light is seen to be
11— cos? ©
~ 1+cos?2@
Light scattered at 90° is fully polarized, while that forward scattered at 180° remains

(2.21)

unpolarized. The direction of the polarization is perpendicular to the scattering plane,
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Figure 2.6 The polarization of a supernova atmosphere illustrated by a simple model: an
unpolarized central source and a thin electron scattering shell (left side). Light from the
edge of the shell has scattered at nearly 90° and is is highly polarized, while that from the
center has scattered at 180° and is unpolarized. To the observer, the polarization of the

shell will appear as illustrated on the right.

defined by the incoming and outgoing photon directions.

In general, the radiation incident on an electron will come from many directions at
once. In order for the net scattered light to be polarized, the incident radiation field must
possess some degree of anisotropy. For example, deep within the supernova atmosphere
where the opacity is high, the trapping of photons leads to a radiation field that is nearly
isotropic. Because the radiation incident on a scatterer is then nearly equal in all directions,
the net polarization of scattered light cancels. On the other hand, in the outer optically thin
layers of the supernova, the radiation field becomes highly anisotropic as photons stream
radially out of the atmosphere. We therefore expect the polarization of the supernova light
to occur mostly near and above the photosphere.

The right side of Figure 2.6 illustrates how the polarization of specific intensity
beams emergent from a spherical, pure electron scattering photosphere might look. The

double-arrows indicate the polarization direction of a beam, with the size of the arrow
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indicating the degree of polarization (not the intensity). Note that (1) the polarization is
oriented perpendicular to the radial direction and (2) The light from the photosphere limb
is more highly polarized than that from the center. These properties can be understood
by looking at the oversimplified diagram on the left of Figure 2.6, showing a unpolarized
central source surrounded by a electron scattering shell. Light scattered off the shell will
be polarized perpendicular to the scattering plane, which is the plane of the paper in the
figure. Edge light has scattered more nearly at 90° and is therefore more highly polarized
then the forward scattered central light.

The calculated polarization from a more realistic, power-law density electron scat-
tering atmosphere is shown in Figure 2.7. Because the effective source is now of finite size,
the incident radiation field is not completely radial, and thus the edge scattered light is less
than 100% polarized. At an impact parameter equal to the photospheric radius, the degree
of polarization equals 13%, which is not much different than the value of ~ 11% that Chan-
drasekhar (1960) found for a plane parallel atmosphere. At even larger radii, the incident
radiation field becomes more dilute and anisotropic; the light scattered toward an observer
is therefore of lower intensity and higher polarization. Note that most of the polarized flux
from a supernova atmosphere comes from an annulus just above the photospheric radius.

Because observed supernovae are too distant to be resolved, what we actually
measure in practice is the Stokes specific intensity integrated over the entire supernova
surface. If the projection of the supernova along the line of sight is circularly symmetric,
as in Figure 2.8a, the polarization of each emergent specific intensity beam will be exactly
canceled by an orthogonal beam one quadrant away. The integrated light from the supernova
will therefore be unpolarized. This result is of course obvious from symmetry because a
spherical system has no preferred direction, there is no reason for the polarization to point
one way rather than another, and therefore it must be zero.

A non-zero polarization measurement demands some degree of asphericity. For
example in the ellipsoidal photosphere of Figure 2.8b, vertically polarized light from the
long edge of the photosphere dominates the horizontally polarized light from the short edge.
The integrated specific intensity of Figure 2.8b is then partially polarized with ¢ > 0 and,
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Figure 2.7 The intensity and polarization of light emergent from a spherical electron scat-
tering medium at impact parameter R (in units of the photospheric radius R,). At larger
impact parameter, the radiation field becomes more dilute and anisotropic; the light scat-
tered toward and observer is therefore of lower intensity and higher polarization. In this
model, the density structure is a power law (p oc r~7), and the radiation source is a sphere

placed at 7 = 3.

by symmetry, the diagonal polarization u cancels. In general, because an axially symmetric
system has only one preferred direction, the polarization necessarily aligns either parallel or
perpendicular to the axis of symmetry. The situation in Figures 2.8c¢ and 2.8d is discussed

in §2.3.3 below.

2.3.3 The Effect of Lines on the Polarization

A major focus of this thesis is to explore the effect of lines on the polarization of

supernovae. Line opacity may have a polarizing effect very similar to electron scattering.
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Figure 2.8 Illustrative diagrams of the polarization from a supernova atmosphere.

The effect depends upon the quantum angular momentum values J; and J, of the lower and
upper levels of the atomic transition. Figure 2.9 illustrates the effect for J; = 0, J, = 1.
An incoming photon will excite the atom to one of the three magnetic sublevels. If the
atom immediately de-excites back to the ground state, the emitted radiation distribution
is dipolar, and the polarization effect is given by the Rayleigh phase matrix, identical to
electron scattering.

For other values of J; and J,,, the effect is in general diluted compared to electron
scattering. Hamilton (1947) has shown that the polarizing effect of resonance line scattering

can be written as the sum of a dipole and an isotropic contribution. The effect is described
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Figure 2.9 Diagram explaining the polarization effect of resonant line scattering. If a pho-
ton excites and immediately de-excites from one of the three magnetic sublevel (left), the
scattered light is dipolar and polarized as in electron scattering. If, however, collisions re-
distribute the atom equally over all three states before de-excitation, the resulting state is

on average spherically symmetric (right) and the scattered light isotropic and unpolarized.

by the hybrid phase matrix

100
Lot = |WoP(©) +(1-W2) |0 0 0L, (2.22)
0

where P(0) is the Rayleigh phase matrix (Equation 2.20), while the second matrix is the
depolarization matrix. The quantity W5 is the polarizability factor of the line it is 0 for
a depolarizing line, and 1 for a line that polarizes just like an electron. Hamilton (1947)
provides a simple formula for computing Wy which depends only upon J; and J,. Because
of the simplicity of this description of line polarization, Equation 2.22 has often been used
beyond its scope to calculate the polarizing effect of non-resonance lines (e.g Jeffrey, 1989).

The Hamilton Equation 2.22 for line scattering only holds if collisions are unim-
portant. If on the other hand the collision time is short compared to the de-excitation time

of the atom, collisions will tend to destroy the polarization state of the gas by randomly
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redistributing the atom equally over all of the nearly degenerate magnetic sublevels (see
Figure 2.9). The average atomic state will therefore be spherically symmetric, and the
emitted light isotropic and unpolarized. This is the assumption typically made in models
(Hoflich et al., 1996; Howell et al., 2001).

Detailed estimates of the critical densities necessary for collisional depolarization
in supernova atmospheres have not been attempted. There are, however, two additional
reasons supporting the assumption of depolarization in lines: (1) As discussed in detail
in §3.3.3, photons will multiple scatter in the resonance region of a line before escaping.
Because of the multiple scattering, the radiation field in optically thick lines tends toward
isotropy, and hence the scattered light will be unpolarized. (2) The polarizability factor
for most lines is less than one, therefore their scattering effect is indeed depolarizing in
comparison to electron scattering. This was the finding of Jeffrey (1989) in studying the
polarization of the Ha line in ellipsoidal supernova atmospheres.

In this thesis, we will always assume that the light scattered in lines is unpolarized.
However, this does not mean that lines necessarily produce a decrease in the degree of
polarization in the spectrum. The actual effect will depend sensitively upon the geometry
of the line opacity and the electron scattering medium. For example, Figure 2.10 shows
the line polarization profile arising in an ellipsoidal atmosphere (McCall, 1984; Jeffrey,
1989). In this geometry, the blueshifted material in front of the photosphere preferentially
absorbs lowly polarized central light, such that a greater percentage of highly polarized edge
light reaches the observer; this produces a blueshifted peck in the polarization spectrum.
At lower blueshifts, on the other hand, the line primarily obscures the edge light and
leads to a polarization decrease. At redshifted wavelengths, the line does not obscure the
photosphere, but will decrease the polarization by emission of unpolarized line light. The
resulting polarization feature is often called an inverted P-Cygni profile.

While Figure 2.10 artificially separates the atmosphere into “photosphere” and
“line opacity,” this oversimplification in fact captures some essential features of the line
formation, and is very useful in understanding the line polarization profiles arising in su-

pernova atmospheres. For example, suppose the electron-scattering regime is spherical, but
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Figure 2.10 Formation of the inverted P-Cygni line polarization profile in an ellipsoidal

supernova atmosphere.

the line opacity is confined to an asymmetric clump, as shown in Figure 2.8c. Because the
line preferentially obscures light of a particular polarization direction, the cancellation of
the polarization of the photospheric light will not be complete. The line thus produces a
peak in the polarization spectrum, and a corresponding absorption in the flux spectrum.
We call this effect the partial obscuration line opacity effect or just partial obscuration.
As the clump in Figure 2.8c primarily absorbs diagonally polarized light, we expect the
polarization peak to have a dominant component in the u-direction.

A non-axially symmetric supernova is shown in Figure 2.8d. The electron scat-
tering medium is ellipsoidal, so the continuum will be polarized in the ¢ direction. The
clump of line opacity, which breaks the axial symmetry, preferentially obscures diagonally
polarized light, so the line absorption feature will be polarized primarily in the u direction.
Thus, the variation of the polarization angle over lines may give information regarding the

orientation of different components of the ejecta with respect to the photosphere. This will
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be the major focus of our investigations in Chapter 4.

To treat the problem of line polarization correctly requires a solution of the non-
local thermodynamic equillbrium (NLTE) rate equations determining the level populations
of all the angular momentum sublevels. This is a challenging task which has just recently
begun to be tackled (Trujillo Bueno & Manso Sainz, 1999; Trujillo Bueno, 2003). A number
of interesting NLTE effects have been explored and found to be important in explaining
the polarization spectrum of the Sun (Stenflo & Keller, 1997; Trujillo Bueno et al., 2002).
These are, however, beyond the scope of this thesis, and in any case do not appear to be of
much importance for the polarization spectra of supernovae. In the extended atmospheres

of supernovae, the geometrical obscuration of the photosphere will be the dominate effect.
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Chapter 3

Radiative Transfer Methods

In this chapter, we develop methods for solving the 3-D polarized radiative trans-
fer problem in supernova atmospheres. After a very brief description of the fundamental
concepts and existing techniques, we turn to Monte Carlo methods, and the specifics of our
3-D supernova code.

Although we call our code a “3-D Monte Carlo” code, in fact the Monte Carlo
routine is only one part of a larger code structure that uses both formal and probabilistic
methods. We lay out the basic physical assumptions in §3.2. The overall structure of the

technique is outlined in §3.3. A few example calculations are given in §3.4.

3.1 Framing of the Problem

3.1.1 The Radiative Transfer Equation

The fundamental quantity in radiative transfer is the specific intensity I, which
describes the flow of radiation in a specific direction

dE)

(7. 7)) = .
M) = G dA di dn de

(3.1)

Here dFE) is the energy with wavelength between A and A + d\ flowing through a surface

area dA at position 7 in the direction 7 and between times ¢ and ¢+ dt. The units of specific



35

intensity are ergs s ! A" em~2 sterad L.
The behavior of the specific intensity along a beam path is governed by the radia-

tive transfer equation
81)\ (7?7 ﬁ)
ds

where a) is the extinction coefficient (units cm™') and Sy is the source function (units

= —ax(Ix = S»), (3.2)

of specific intensity). The first term on the right-hand side of Equation 3.2 describes the
attenuation of I, by absorbing or scattering material along the beam path; the second term
represents the enhancement of the intensity by radiation emitted by this same material.
For an atmosphere that is in thermal equilibrium, the source function depends on the local

temperature only, and is given by the blackbody equation

2hc? 1

N> ghe/MT _ 1 (3-3)

On the other hand, for an atmosphere that purely scatters radiation, the source function is

equal to the mean intensity J), defined by integrating I over all incident directions

1

NGEr= 7{ (7, 7) d. (3.4)

Unlike B), J) is not a purely local quantity, as it depends upon the temperature at distant
points where the radiation was emitted.

If the transfer Equation 3.2 looks harmless enough, it is only because the notation
obscures its complexities. The basic difficulty is that the source function depends upon the
incident radiation field. For example, in the pure scattering case S) = J) and Equation 3.2

becomes
81)\ ('Fa ’ﬁ')
0s

Thus the equations for I, along different directions 7 are coupled together. In the more

— —ayIy + Z—;fh(ﬁ i) d. (3.5)

general case, both S\ and «) depend upon I, in a complicated way through the detailed
ionization and excitation state of the gas. Then the radiative transfer equation is coupled

as well to the equations of statistical equilibrium.
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In a traditional radiative transfer calculation, Equation 3.2 is solved numerically
for several different beam paths through the atmosphere. The flux observed at wavelength
A is then obtained by integrating I, over the stellar surface. We call such approaches for-
mal integral methods. Several 1-D codes exist that solve the co-moving radiative transfer
equation in an expanding supernova atmosphere, coupled to the full equations of statis-
tical equilibrium (Eastman & Pinto, 1993; Hoflich, 1995; Hauschildt et al., 1997). Such
codes necessarily apply rather sophisticated numerical algorithms and require significant
computing power.

Generalizing formal solutions of the radiative transfer to include 3-D geometries
and polarization poses a formidable challenge. Because of the lack of symmetry, the radiative
transfer equation must be solved along a large number of directions 7 to ensure that each
point in the atmosphere is properly coupled to every other. While much progress is being
made on this front (e.g., Trujillo Bueno, 2003), full 3-D formal solutions for expanding

supernova atmospheres appear to be some years away.

3.1.2 The Monte Carlo Approach

The Monte Carlo (MC) approach to radiative transfer has several advantages over
traditional formal integral methods. MC codes are intuitive, relatively easy to develop, and
less likely to fall victim to subtle numerical errors such as resolution or edge effects (Auer,
2003). Because the method does not rely on any symmetry in the problem, it generalizes
readily to 3-D geometries and the inclusion of polarization. Finally, MC codes parallelize
almost perfectly, and so can profitably be run on multiprocessor machines.

The historical drawback of MC codes is their computational expense; because the
approach is probabilistic, a very large number of packets must be tracked in order to over-
come random noise. 1-D MC codes can be effectively run on a single workstation, but 3-D
multi-wavelength calculations require the memory and computational power currently only
available on supercomputers. Nevertheless, given the favorable scaling, and the continual in-

crease in computing power, the computational inefficiency of MC codes will be increasingly
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outweighed by their many advantages.

Monte Carlo approaches have been applied to a wide range of radiative transfer
problems, especially multi-dimensional polarization problems (e.g., Daniel, 1980; Code &
Whitney, 1995; Wood et al., 1996). The MC code described in Hoflich et al. (1996) has been
used to calculate the continuum polarization and polarization spectrum of 2-D supernovae
(Hoflich, 1991; Wang et al., 1997; Howell et al., 2001). In addition, the 1-D MC code of
Mazzali & Lucy (1993) has been used in numerous studies of supernova flux spectra (e.g.,
Mazzali et al., 1995, 2001). The papers of Leon Lucy have been particularly important
in developing the MC technique for astrophysical applications (Lucy, 1999a, 2001, 2002,
2003). The new techniques make it feasible for MC codes to eventually match the physical

accuracy of formal solutions of the radiative transfer equation.

Monte Carlo Basics

In the MC approach, packets of radiation energy (“photons”) are emitted from
within the supernova envelope, and tracked through randomized scatterings and absorptions
until they escape the atmosphere. Each photon possess a wavelength and polarization
(described by a Stokes vector), which are updated at each scattering event. All photons
escaping the ejecta in a specific direction are binned in wavelength to construct the spectrum
and polarization of the supernova along that line of sight. In addition, we can use tallies
of the number of photons passing through individual grid cells to construct estimators of
local physical quantities, such as the mean intensity of the radiation field.

The behavior of individual packets in the MC simulation is determined by ran-
domly sampling probability distributions p(z). This is accomplished by finding the value x

in the equation

, = / C (), (3.6)

where here and in what follows, the quantity z is a random number chosen from 0 < z < 1

with uniform distribution.

We describe three ways in which Equation 3.6 may be solved. First, in some cases



38

it is possible to invert p(x) analytically. To give an important example, the probability of a
photon scattering in traveling a distance s is given by p = 1 — exp(—7), where 7 = fos ayds

is the optical depth. Inverting p(7) gives

/ axds =1, =1 —In(z). (3.7)
0

Thus to determine the distance s a packet travels before scattering, the integral is calculated
numerically by taking small steps until the accumulated optical depth along the path reaches
Tp.

In most other situations, it is either impossible or too computationally expensive
to invert p(x) analytically. In this case, the rejection method offers an alternative. As an
example, suppose we want to emit photons according to a blackbody distribution B(\).
After defining the normalized probability function p(A) = B(A)/MAX[B(A)], a random X is
chosen between the imposed wavelength limits Ay and Apax. If p(A) < z, this wavelength
is selected; otherwise it is rejected and new values of A and z are selected until the rejection
criterion is satisfied.

A final method of sampling discrete probability distributions p(x;) is the cumula-
tive distribution function (CDF), defined by

D i P(T)

Lmin

Yoo p(ay)

Tmin

P(z;) = (3.8)

The function P(x;) increases monotonically from 0 to 1. To sample the probability function,
a random z is chosen and a binary search performed to locate the value z; where P(z;) =
z. For sharply peaked probability functions, the CDF approach is much faster than the

rejection method.

3.2 Physical Assumptions

Any astrophysical code must balance the desire for complete physical accuracy
with constraints on computing and code development time. In our transfer code we make

the assumptions that the atmosphere is (1) in homologous expansion, (2) quasi-static, and
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(3) that line transfer can be treated in the Sobolev approximation. Additional physical
limitations include the assumption of local thermodynamic equilibrium, and the neglect of
special relativity. In future work, we plan to relax each of these assumptions within the

basic MC framework.

3.2.1 Homologous Expansion

We assume the velocity structure of the ejecta is given by a homologous (or free)
expansion law, (1) = /texp, Where toy, is the time elapsed since the explosion. Soon
after the explosion, the flow of supernova material is highly supersonic and the time scale
for sound waves to transfer pressure forces is much longer than the expansion time of the
ejecta. In the absence of forces, the location of a gas element is given by 7 = vt —1—]%0, where
ty is the time since free expansion set in and ﬁg is the position of the material when this
occurred. Typically free expansion sets in quite early (minutes to hours after the explosion),
so that by a few days after the explosion #; ~ tey, and the ejecta has expanded through
a sufficiently large distance that Ry can be ignored. Thus even if the explosion is highly

asymmetric, the velocity structure will soon evolve to be spherical and homologous.

3.2.2 The Quasi-Static Approximation

Although supernovae are obviously transient phenomena, our calculations only
treat “snapshots” of the ejecta frozen in time. This quasi-static approximation should be
reasonable as long as the photon diffusion time (#4) is short compared to the expansion time
(texp) of the supernova. If this holds, we can track photon packets through a static (rather
than evolving) atmospheric grid, although the expansion of the ejecta must still be taken
into account in the Doppler shifting of photons.

For a SN Ia at maximum light (fexp = 20 days), the electron scattering optical
depth to the center of the ejecta is about ten, corresponding to a mean free path of v, ~

2

1000 km s~'. A photon will on average undergo ~ 72 = 100 scattering events before

random walking out of the ejecta and therefore ¢;/tex, = 100v,/c =~ 0.3. The quasi-
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static approximation should then be marginally acceptable at maximum light, at least for
wavelengths A > 4000 A, where electron scattering dominates the opacity. For photons
with wavelengths < 4000 A, the opacity from numerous iron peak line transitions increases
the optical depth by a factor of 10-100. Fortunately, diffusion of the UV photons will be
hastened by their absorption/re-emission and fluorescence to longer wavelengths. On the
other hand, at early times, say tex, = 10 days, 7es = 40 and ¢;/tex, = 1.2. The quasi-static
approximation is no longer strictly appropriate, and a time-dependent treatment of the

problem is desired.

3.2.3 The Sobolev Approximation

For atmospheres with large velocity gradients such as supernovae, the Sobolev
approximation provides a simple and elegant treatment of line transfer (Sobolev, 1947).
The basic idea behind the approximation has been mentioned in §2.2.1. Detailed derivations
have been given (Mihalas, 1978; Jeffery & Branch, 1990; Castor, 1970), and the major results
will be used repeatedly throughout this chapter.

Applying the Sobolev approximation increases both the efficiency and simplicity of
a MC code, as (1) photon packets only interact with lines at unique, easily calculable points
in the atmosphere, and (2) the transfer within a line can be treated analytically. Each
photon/line interaction line can therefore be treated as a single MC event, with no need
to explicitly follow the hundreds of multiple scatterings a photon may experience before
escaping an optically thick line. As a result, the total number of photon/line interactions
depends only upon the wavelength spacing of strong lines, with no regard to how optically
thick the lines actually are. This is an important reason why Monte Carlo approaches —
notoriously inefficient in high opacity regimes are not necessarily doomed to failure in the
heavily line blanketed atmospheres of supernovae.

For the Sobolev approximation to be valid, all relevant physical variables must
remain fairly constant over a line resonance region. This will be true whenever the intrinsic

width of a line (given by the Doppler velocity vg) is much less than the scale height vy over
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1

which the atmospheric properties change. In supernova atmospheres, vy < 10 km s~ and

vy & 1000 km s !, therefore vg/vs < 0.01. Olson (1982) has shown that for ratios vg/vs <
0.1, the Sobolev approximation holds to a high degree of accuracy. Formal inaccuracy
may occur for atmospheres with numerous small scale structures (i.e small vy), or for very
optically thick lines where the Lorentz wings become important.

One additional potential pitfall for the Sobolev approximation has been empha-
sized by Baron et al. (1996a). The Sobolev formalism is derived assuming that each line
transition is isolated in wavelength from all others. In reality, the UV wavelengths are
densely packed with overlapping lines, such that more than 100 lines may fall within a sin-
gle Doppler width. Nevertheless, Eastman & Pinto (1993) have found that in practice the
error thus incurred on the emergent spectra is very small. This is perhaps not surprising,
as the vast majority of the millions of lines in supernova atmospheres will be exceedingly
weak — typically only a few 10,000s will have optical depths larger than 0.5. The average
spacing of such strong lines (~100 km s~ ') is much greater than a Doppler width. Because
strong lines dominate the radiative transfer, treating all lines as non-overlapping may not

lead to any serious error.

3.3 Structure of the Radiative Transfer Code

Our 3-D radiative transfer code was designed to calculate the optical properties
of multi-dimensional supernova explosion models. The code takes as input the density,
composition, and amount of 5°Ni at every point on a 3-D Cartesian grid. The time since
explosion feyp, total supernova luminosity Lg, and an emission temperature Ty, must be
specified as free parameters.

The outline of the code structure is diagrammed in Figure 3.1. The essential dif-
ficulty of the transfer problem is this: the opacities needed for the photon MC transfer
depend upon the atmospheric temperatures, but these temperatures depend upon the pho-
ton heating and cooling rates, which will only be known after the MC transfer has been

completed. Therefore we need an iterative approach to handle the interdependence. The
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Figure 3.1 Structure of the radiation transfer code.

procedure is as follows:

1. Using a 3-D gamma-ray transfer routine, we determine where energy from the decay
of radioactive %°Ni and *°Co is deposited in the supernova envelope (§3.3.1). This

serves as the source geometry of the emitted optical photon packets.

2. The opacities at all wavelengths for each cell are computed assuming local thermo-
dynamic equilibrium (§3.3.2). Because the atmospheric temperature structure is not

initially known, we start with a reasonable guess, to be refined iteratively.

3. The MC transfer of optical photon packets is run, which provides the rate of photon
absorption in each cell (§3.3.3).

4. A new temperature is determined for each cell (§3.3.4) by setting equal the rate of
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photon absorption to the rate of thermal photon emission.

5. The temperature structure calculated in step (4) will differ from that used initially
to compute the opacities in step (2). Thus, to bring about consistency, we recompute
the opacities and return to step (3), iterating this procedure until the temperature

and opacities change negligibly from one iteration to the next.

6. Once the atmosphere has converged, the synthetic flux and polarization spectra are
generated during the MC transfer by collecting all photons escaping the atmosphere

along a certain line of sight.

We now proceed to discuss each step in greater detail.

3.3.1 Energy Deposition
The Radiation Source Geometry

The first issue in any MC code is to specify the source of photon packets. In
spherical MC codes, the source is usually taken to be an extended, spherical inner boundary
surface (the “inner core”). Photon packets are emitted isotropically from the core surface
and any packet backscattered onto the core is “absorbed” and removed from the calculation.
The radius of the core becomes a free parameter of the simulation, but it is hoped that if
the core is placed deep enough in the ejecta, the emergent spectra will be rather insensitive
to its exact location.

While we will occasionally apply a spherical inner source, such a prescription is
generally not appropriate for 3-D models. Most critically, the polarization depends upon
the isotropy of the radiation field, and is therefore as sensitive to the shape and distribution
of the radiation source as it is to the geometry of the scattering medium. Fortunately,
a better representation of the 3-D source geometry can be given for the case where the
luminosity is dominated by the decay of radioactive isotopes. In Type I supernovae, the
energy is released in the decay chain °Ni — 56Co — °®Fe, with almost all of the decay

energy emerging as ~ 1 MeV gamma-rays. The emitted gamma-rays will propagate some
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distance before depositing their energy in the ejecta. The deposited energy is assumed to
be thermalized, to eventually emerge as optical/UV photons.

We follow the propagation of gamma-rays using a MC routine similar to those
described in Ambwani & Sutherland (1988), Swartz et al. (1995), and Hoeflich et al. (1994).
This gamma-ray Monte-Carlo (GRMC) procedure is conceptually separated from the main
MC transfer routine for the optical/UV photons (§3.3.3). Obviously the two routines could
be integrated, such that each absorbed gamma-ray photon packet was immediately re-
emitted as a thermal optical photon packet of equal energy. However, because the gamma-
ray opacities do not depend upon temperature, there is no need to repeat the GRMC
calculation for each temperature structure iteration. Instead, we calculate and store the
rate of gamma-ray energy deposition once at the beginning of a run.

The instantaneous rate of gamma-ray energy deposition largely determines the
total luminosity of the supernova. If V; is the volume of cell ¢ and E’éep is the rate of energy

deposition in that cell, then we write the total optical luminosity L¢ as
Lo =13 B, Vi (3.9)
i

were 7) is a free “fudge-factor” parameter of order unity, that is used to account for the time-
dependent effect of diffusive radiation stored in the supernova envelope. For the epochs after
maximum light n 2 1 to account for photons trapped from earlier epochs. In this context,
the quasi-static approximation amounts to assuming that the diffuse radiation field follows
the current deposition geometry. As the “old” photons in fact came from the same °6Ni
source, the assumption does not seem totally unrealistic.

In supernovae such as SNe ITP where the luminosity is mostly powered by diffusion
rather than radioactivity, one really needs to solve the time-dependent transfer problem.
Whereas in a spherical SNe ITP model one can simply apply the diffusion approximation
at depth, in a 3-D model there is no way of knowing the inner surface boundary conditions
except by following the evolution of the temperature structure starting from the explosion

itself. In the absence of this, one can only make an ad-hoc guess as to the source geometry.
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Gamma-Ray Transfer Calculations

A %5Ni nucleus decays by electron capture to an excited state of 5Co which de-
excites to the ground state by emission of several (on average about 3) gamma-rays. °Co
in turn decays to °°Fe by electron capture or by positron emission plus electron capture.

The energy from radioactive decay per unit time per unit volume is given by

7t/TNi

Erad(t,7) = ExiNyi(7)—

7t/TNi 7t/TNi
‘ ¢ ) (3.10)

TNi N

TNi
where 7y = 8.8 days and 7¢, = 113.6 days are the decay times, and Eni = 1.71 MeV
and Eq, = 3.76 MeV the average energy per decay of *Ni and ®°Co, respectively. Ny;
is the number density of *Ni immediately following the explosion. The emitted gamma-
rays emerge in one of several possible lines, all around 1 MeV. About 3.5% of the energy
from ®Co decay emerges as the kinetic energy of emitted positrons. We make the usual
assumption that the charged positrons are trapped by residual magnetic fields, and deposit
their kinetic energy locally in the ejecta before annihilating to create two 511 keV photons.

The gamma-ray packets are all initially assigned to have equal energy E,, given
by

E,=—1L (3.11)

where L., is the total energy per second released in gamma-rays, N, is the total number of
packets used in the simulation, and AT is the time step covered by the MC simulation (as
it cancels out of all expressions used, AT does not need to be explicitly specified). Because
equal energy packets are used, packets of different wavelengths represent a different number
of photons.

The important opacities for gamma-rays are Compton scattering and photoelectric
absorption (the additional opacity due to pair-production is typically very small and will
be ignored). Because the gamma-ray energies are much greater than the atomic binding

energies, all electrons in an atom (bound and free) contribute to the Compton opacity

ac=orNK ()Y X,Z;, (3.12)
7
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where © = E/m.c?, or = 0.6 x 10~2* is the Thomson cross-section, and N is the total
number density. The sum runs over all elements with abundance fraction by number X;
and atomic number Z;. The dimensionless quantity K(z) is the Klein-Nishina correction
to the cross-section

3[1+x<2x(1+x) 1+ 3z

(1+2z)%|

K(z) = (3.13)

4] o3 142z

—In(1 + 2’1‘)) + % In(1 + 22) —

K (z) is always less than one and decreases with increasing x.
Typically Compton opacity dominates for £ 2 50 keV, while photoelectric absorp-

tion dominates for lower energies. The photoelectric extinction coefficient is dominated by

the two K-shell electrons, and is calculated in the Born approximation

ap = opa'8V20 PN Z0X;, (3.14)
i

where « is the fine-structure constant.

Gamma-ray packets are moved through the atmosphere in small steps of velocity
length Av (physical distance Awv teyp,). The optical depth along the path is integrated
until it reaches a value randomly chosen by Equation 3.7. At this point an interaction
occurs and another random number z is chosen to determine the subsequent packet fate. If
z < ag /(0 + ap) the gamma-ray is Compton scattered, otherwise it is photo-absorbed.

In a Compton scattering, a new direction for the gamma-ray is sampled from the

anisotropic differential cross-section

do 3o

= m—wf(x,@)2<f(m,®) + f(2,0)7" — sin® @), (3.15)

where O is the angle between incoming and outgoing gamma-ray directions and f(z, ©) is
the ratio of incoming to outgoing gamma-ray energy,

By 1

Eput 14+ 2(1 —cos0)’

f(z,0) = (3.16)

The average energy lost in an interaction is given by

1 do
F(o) =1 o= § dudd s fo.10) (3.17)
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For a 1 MeV gamma-ray, F'(z) ~ 0.6. Thus a gamma-ray loses almost all of its energy after
just a few Compton scatterings, after which it will be destroyed by photo-absorption. The
lost gamma-ray energy becomes the kinetic energy of the fast, scattered electrons, which
are quickly thermalized locally through electron-electron collisions.

In previous GRMC codes, the rate of energy deposition Eéep is estimated by
tallying up the gamma-ray energy lost during each scattering or absorption in cell 7. In this
case, enough packets must be used such that many interactions occur in every cell. On a 3-D
grid, this requires a very large number of packets, especially at later times when gamma-
rays begin to escape the atmosphere and interaction events become infrequent. Fortunately,
following ideas in Lucy (1999a), we can derive a better estimator of E’éep by considering the

analytic expression for the absorbed energy,

B, = 7{ / u ndAS = / Ia[e (@) F () + ap ()] (3.18)

The mean intensity of the radiation field Jy can always be better estimated than Edep itself,
because every packet passing through a cell contributes, regardless of whether an interaction
occurs. To derive the needed estimator, we begin with the relationship between J, and the

monochromatic energy density uy (Mihalas, 1978),
47
urxd\ = —.Jyd\. (3.19)
c

When a packet possessing a fraction F/FE,, of its initial energy takes a step of size Av in a

E,(E\/[ 6t \1
_ (= | — .2
o %(E)(AT)dA’ (3:20)

where 6t = Awv teyp/c is the time taken for the step. The size of the wavelength bin dX does

cell, its contribution to wu) is

not need to be specified, as we integrate over wavelength in Equation 3.18 anyway, giving

finally

B, = %(Av texp) XJ: E% [ac(:r)F(:v) + ap(x)}, (3.21)

where the sum runs over every packet step that occurs inside the cell.
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Figure 3.2 Gamma-ray energy deposition for a spherical SN Ia at different times. Left: The
distribution of energy deposition as a function of velocity. Right: The fraction of gamma-ray

deposited in the ejecta as a function of time.

Figure 3.2 shows some results from a GRMC calculation. Here the atmosphere is
a spherical SN Ia with an exponential density profile and *°Ni located between 2000 and
9000 km s~ '. At early times (texp < 20 days) essentially all the gamma-rays are trapped
locally. At later times the gamma-rays begin to escape, and the energy deposition spreads
into the outer layers.

Escaping gamma-ray packets can be collected to produce the theoretical gamma-
ray spectrum of the supernova; an example is shown in Figure 3.3. Gamma-ray spectra are
potentially very powerful probes of the geometry and composition of the ejecta (Hunger-
ford et al., 2003; Hoflich, 2002). In fact, the gamma-ray lines detected in SN 1987A have

been used to infer the presence of large-scale mixing of *Ni into the outer ejecta layers
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Figure 3.3 Gamma-ray spectrum of a spherical SN Ia near optical maximum light.

(Sutherland et al., 1988). Unfortunately, the large distance to most supernovae make such
observations difficult, and so far SN 1987A is the only supernova for which there has been

a clear gamma-ray detection.

3.3.2 Opacities

At optical wavelengths, the important opacities in supernovae are electron scat-
tering and bound-bound line transitions and, to a lesser extent, bound-free and free-free
opacities. The opacity depends upon the ionization and excitation state of the gas. When
collisions dominate the atomic transition rates, the atmosphere is in local thermodynamic
equilibrium (LTE). In this case the atomic level populations follow the Saha-Boltzmann
equations and the opacity is a function only of the local density, composition, and temper-
ature: ay = a)(p, X;, T). More generally, one most also take into account radiative excita-
tion/ionization by optical photons as well as collisions with the fast non-thermal electrons
created in the Compton scattering of gamma-rays. In this case of non-local thermodynamic

equilibrium (NLTE), the opacities also depend upon J and E‘éep.
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In the calculations of this thesis, we always assume LTE. Unfortunately, the den-
sities in rarefied supernova atmospheres are not high enough for the conditions of LTE to
be met. Nevertheless, NLTE effects should for the most part cause quantitative, not qual-
itative differences in the emergent spectra, and will not obscure the primarily geometrical
effects we are interested in exploring. In SN Ia atmospheres, the deviation from LTE is in
fact found to be small (Baron et al., 1996b; Pinto & Eastman, 2000b); however, in SN II
atmospheres, NLTE corrections for hydrogen can significantly affect the entire atmospheric
structure. In the future, a solution to the NLTE rate equations for selected species will be
incorporated into the MC approach (see Li & McCray, 1993; Zhang & Wang, 1996).

In LTE, the number density V; ; of element 4 in ionization stage j is given by the

Saha formula

N; j <2.0hme>1'5 Zj
J N, exp(—®/kT), 3.22
= (B) S Neexo(-a/k) (3.22)

where z is the partition function and @ is the ionization energy. The electron density N,

is determined from the charge conservation equation:
ZZjNi,j = Ne. (3.23)
i

This is a non-linear equation for N., which is easily solved with standard numerical tech-
niques. With the ionization known, the population density N; ;; of a level k is given by the

Boltzmann equation

 grexp(—xx/kT)

P> 9m exp(—xm/kT)

where x is the excitation energy and g the statistical weight of level k.

Ni,j,k =N, (324)

The extinction coefficient due to electron scattering is simply aes = Neop, while

the extinction coefficient for a bound-bound line transition is written

apy = Kxp(N). (3.25)

Here K is the integrated line strength, which depends upon N;, the number density of atoms

in the lower level of the transition
2

Ky = <:;e(,>sz(A3/c), (1 - g—le’w/kT), (3.26)

be C g2
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Figure 3.4 Opacities in a SN Ta atmosphere near maximum light. Top: The number of
strong lines between 1000 A and 10,000 A versus temperature for various number densities
(marked on the figure). Bottom: The photon mean free path (in km/s). Lines dominate
the opacity blueward of 4000 A, while electron scattering (straight solid line) dominates

redward.

where f is the oscillator strength of the transition and Ay the line center wavelength. The
last term in parentheses is the correction for stimulated emission evaluated in LTE.
As we will see in §3.3.3, the quantity that is needed in the MC transfer is the line
Sobolev optical depth T,
_ Kyctexp

- XD 3.27
=220 (327)

This gives the total optical depth traversed as a photon redshifts completely through a line.
Note that Equation 3.27 only holds for atmospheres in homologous expansion; for other
velocity laws 7 will depend upon the direction the photon is traveling.

Figure 3.4 shows the mean free path of a photon as a function of wavelength for the

conditions expected in the inner layers of a SN Ia near maximum light. The bound-bound
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opacity strongly dominates in the blue and UV (A <4000 A), where there is a high density
of lines from iron-peak elements. At these wavelengths, the mean free path is basically given
by the velocity spacing of strong lines. Because bound-free and free-free opacities (not shown
in the figure) are typically small compared to bound-bound and electron scattering, we will

ignore them in the present calculations.

3.3.3 Monte Carlo Radiative Transfer

With the opacities and source geometry determined, we can begin the main optical
photon MC routine. The optical photon packets used in our MC simulation are monochro-
matic, equal energy packets. Every packet has energy E, and represents a collection of
N, = E,\/hc photons of wavelength X. The benefit of using equal energy, rather than
equal photon number packets, has been emphasized by Lucy (1999a). In the course of the
MC simulation, a packet may get absorbed and immediately remitted at a different wave-
length. Using equal energy packets assures that energy is conserved in this interaction and
thus the radiation field is naturally divergenceless at all points. This allows for a rapid con-
vergence to the correct temperature structure when the condition of radiative equilibrium
is imposed (§3.3.4).

When no inner boundary surface is used, every photon packet that is emitted
somewhere in the atmosphere eventually escapes, although perhaps after experiencing sev-
eral absorption/re-emission events. If we use N, packets in our simulation, the energy E,
of each packet is

Ly = N,E,/AT. (3.28)

Photon packets are emitted from cells throughout the atmosphere, with the probability of
a packet being emitted from cell 7 given by
B
d
Pi= (3.29)
Zi Edep
Equation 3.29 is sampled using the cummulative distribution function approach; within the

cell, the packet emission point is determined by uniformly sampling the cell volume. The
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emission of the photon is isotropic in the local frame, so the direction angles u = cos# and

¢ are chosen by

p=1-=2z, (3.30)
¢ = 272y, (3.31)

where z; and z9 are random numbers. Because the detailed NLTE source function of the
material is not calculated, the packet wavelengths are sampled from a blackbody distribution
with characteristic temperature Tp,. We choose Ty so as to reproduce the continuum in the
red end of the observed spectrum; the blue end of the spectrum shows very little dependence
on Ty, as packets with A < 5000 A are absorbed and re-emitted in lines.

Packets are moved in small velocity steps Awv, corresponding to a physical distance
Av texp. Ideally Av will be chosen smaller than both the photon mean free path and the
cell size of the atmospheric grid. The continuum optical depth is integrated along the
packet path until it exceeds a randomly chosen value 7, (Equation 3.7), at which point a
scattering occurs. If electron scattering is considered to be isotropic, a new packet direction
is chosen using Equations 3.31. However, in the next section, we discuss how the anisotropic
redistribution of electron scattering becomes important when polarization is considered.

In taking a step, the wavelength of the photon packet is also redshifted with respect
to the local co-moving frame by an amount AXA/A = Av/c. A photon comes into resonance
with a line when its co-moving wavelength redshifts to the line center wavelength. At
this point, the probability of the photon interacting with the line is 1 — exp(—7), where
7 is the Sobolev optical depth (Equation 3.27). If an interaction does occur, the photon
is reprocessed according to the local line source function. In our calculations we use an

equivalent two-level atom (ETLA) formulation for the source function
Sy = (1 —€)J\ + eB\(T). (3.32)

This function includes both the possibility of line scattering (first term on the right-hand
side) and absorption/re-emission (second term). The dimensionless quantity € is the prob-

ability of absorption (i.e., thermalization) in the line. In principle, each line transition has
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a different value of € that can be calculated from the atomic transition rates. However,
for simplicity we make € a free parameter which is the same for all lines. Detailed NLTE
calculations find that a value of € &= 0.01 — 0.1 is appropriate for supernova atmospheres
(Baron et al., 1996b; Hoflich et al., 1996; Nugent et al., 1997).

One complication in line interactions is that photons multiply scatter in optically
thick lines before redshifting past them. On average, a photon scatters 1/8 times, where

the escape probability £ is given by the Sobolev formalism
fb=——-:. (3.33)

Because of this trapping effect, the mean intensity .Jy appearing in Equation 3.32 can be

thought of as containing two terms,
Iy = I 4 T, (3.34)

where jf;’“ represents external radiation impinging on the line, while j/{ns represents trapped
radiation multiply scattering in the resonance region. Instead of having to consider the
multiple scattering explicitly, the Sobolev formalism allows us to solve analytically for S)
in terms of J{' only,

Sy = (1 — &)J¢* + eBy(T), (3.35)

where
€

e g2 (3.36)

The effective probability of thermalization in a line is thus €, not €. For optically thin lines
€ = € but for very optically thick lines € — 1. As expected, the multiple line scattering
increases the probability that a photon will be thermalized.

To determine the fate of a interacting photon, we choose a random number z. If
z < € the photon is absorbed, otherwise it is scattered. If scattered, the photon is redirected
isotropically but its co-moving wavelength remains unchanged. If absorbed, the packet will

be similarly redirected, but will be remitted at a different wavelength. Because line opacity
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is the only absorptive opacity used in the calculation, the packet will be remitted in another

line. The thermal line emissivity of line ¢+ with wavelength )\; is

n; = ﬁ(l - 67Ti)€B(T, >\z) (337)

ct

A new packet wavelength is chosen by sampling 7; using the CDF method. Note that
while the packet wavelength changes in this interaction, the total packet energy remains
unchanged. Thus the rate of absorption will naturally balance the rate of emission at all
points in the atmosphere.

In using an ETLA source function (Equation 3.32), we formally neglect the possi-
bility of line fluorescence. This is actually a very important process in supernovae, allowing
UV photons to more easily escape the atmosphere by fluorescing to longer wavelengths
(Pinto & Eastman, 2000a). Our parameterized ETLA accomplishes rather the same effect
through the absorption and re-emission of packets; however, fluorescence can be treated
more exactly using a first-order branching procedure (Lucy, 1999b): a packet that excites
an atom to level ¢ will be re-emitted by de-excitation to level 5 by sampling the probability

function
- A;;Bij
L AuBik

where A;; is the Einstein spontaneous decay coefficient and f3;; the escape probability of the

(3.38)

transition 1 — j. This procedure can be improved to include the effect of atoms cascading
down several transitions, such that the exact NLTE source function is reproduced (Lucy,

2003). For the present, however, we will not apply any branching methods.

Polarization Calculations

The treatment of polarization requires only small modifications to the MC code.
Each photon packet is now assigned a Stokes vector which describes the intensity of light
along different axes. In choosing a polarization reference axis for a packet moving in direc-
tion ﬁ, we use the following convention: consider the plane defined by D and the z-axis; the

reference axis is chosen to lie in this plane, perpendicular to D. To transform the Stokes
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vector to another reference axis rotated by an angle 7, one applies the rotation matrix

(Chandrasekhar, 1960)
1 0 0

R($) =10 cos2yp sin2y |- (3.39)

0 —sin2¢y cos2y
Photon packets are initially emitted unpolarized and with their Stokes vector nor-
malized to unity: I = (1,0,0). The effect of an electron scattering on the Stokes vector is
described by the Rayleigh phase matrix; however, the simple matrix given in Equation 2.20
only applies when the Stokes vectors are referred to the plane of scattering. The effect on

a packet Stokes vector is actually given by
Sout = R(m — i9) P(©)R(i1)Sin. (3.40)

The rotation matrix R(i) rotates the incoming packet Stokes vector onto the scattering
plane, while R(m — i9) rotates the outgoing packet Stokes vector back into our conventional
reference axis. The rotation angles i; and i9 can be determined from the geometry, how-
ever Chandrasekhar (1960) provides a useful expression for Equation 3.40 in terms of the
incoming and outgoing packet direction angles; as it is quite long, we do not repeat it here.

When polarization is taken into account, the total intensity of radiation scattered
by an electron is not isotropic, but depends upon the incoming polarization (Code & Whit-

ney, 1995):
1 2 1 9 . 1 9 o
Iout = 5(1 + cos® O) Iy, + 5(1 — cos” ©) cos 201 Qin + 5(1 — cos” ©) sin 2i1 Ujy,. (3.41)

After each scatter we choose new direction angles by sampling the anisotropic redistribution
Equation 3.41; the total intensity of the scattered packet Stokes vector is thus always set
to unity. An alternative approach would be to scatter packets isotropically, but re-weight
the total intensity according to Equation 3.41. This simpler approach, however, is found to
be unstable for problems with large optical depths after a large number of scatters, the
intensity of most packets tends to zero, and the radiation becomes concentrated in a small

number of very high intensity packets.
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As discussed in §2.3.3, we assume line scattered light is unpolarized, so we set

I=(1,0,0) after every line interaction.

3.3.4 Calculating the Temperature Structure

We have seen that the temperature of the atmosphere is essential in determining
the opacity and emissivity of the supernova material. Here we describe how the tempera-
ture can be calculated self-consistently using an iterative approach that imposes radiative
equilibrium. The technique for calculating radiative equilibrium in a MC code was first
developed by Lucy (1999a) for static, plane-parallel atmospheres. Here we generalize the
formalism for 3-D atmospheres in rapid expansion under the Sobolev approximation.

The evolution of the energy E in a volume V is governed by first law of thermo-
dynamics,

%_l: = V(Aph - Eph + Edep) - P%—‘;,
where Aph is the optical/UV photon energy absorbed per unit time per unit volume, Eph

(3.42)

is the corresponding photon energy emitted, and E’dep is the rate of heating from the decay

of radioactive isotopes (all quantities in ergs s !

cm?). The P%—‘t/ term represents the
rate of cooling by expansion. As long as the photon diffusion time is significantly less
than the expansion time, a steady state will be reached whereby the time derivatives in
Equation 3.42 can be ignored. Conceptually, the photons zip around the ejecta and establish
the temperature structure before there has been time for significant expansion. Thus, in

this quasi-static approximation discussed in §3.2.2, Equation 3.42 becomes
Apn = Epn + Faep = 0. (3.43)

Actually, the P%—‘tf term can be kept as well without increased difficulty, but we ignore
it for now. Equation 3.43 says that at each point in the atmosphere, cooling by photon
emission precisely balances the heating from photon absorption plus gamma-ray deposition.
Equation 3.43 is commonly called the equation of radiative equilibrium (although, strictly
speaking, radiative equilibrium requires that Edep = (0 as well, but we retain the moniker

anyway ).
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Deriving the Equation of Radiative Equilibrium

Because Eph depends upon temperature through the Planck function B), Equa-
tion 3.43 implicitly determines the temperature at each point in the atmosphere when the
other two quantities are known. We now make this temperature dependence explicit. As
previously discussed (§3.3.1), it is more efficient to estimate Aph from the mean intensity
of the radiation field, rather than counting the number of absorbed packets (which may
be small if the absorptive opacity is small). The absorption and emission rates can be

determined by integrating the radiative transfer Equation 3.2 over wavelength and angle,
) oC
Aph = %/ d)\dQ(l)\I)\, (344)
0

B = 7{/ dAdQa,Sy. (3.45)
0

We only consider the case where the absorptive opacity is from a number of non-overlapping

bound-bound lines transitions, in which case the radiative equilibrium equation is
o0 .
Y K, 7{ / ANQGNIy — S)) + Egep = 0, (3.46)
< J Jo
13

where the sum runs over all lines. From the Sobolev formalism, we have the following

expression for the specific intensity I, within the line:
Iy = e HOTIXt 4 (1 — ¢ g, (3.47)

where Ii"t is the external specific intensity incident on the line. The function H describes

how much of the line profile has been traversed at wavelength A,

A
H(\) = /U (N )dN. (3.48)

Consequently dH = ¢(A)dA. The equation of radiative equilibrium can now be written

Y K, j{/deH(If{XteH” — Sxe 1) 4 By = 0, (3.49)
[
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which is integrated to yield
4 Z K eXt SAIBi) + Edep =0. (3-50)

Using the expressions for K; and S in Equations 3.27 and 3.35, we arrive at the desired

equation of radiative equilibrium

47
Clexp

S A [J;f“(f) ~BOWT)| + Fuaey =0, (3.51)

where

wi=€(l—e ). (3.52)

Here w; is a number between 0 and 1 which we call the line weight, as it describes the
importance of a line in the radiative equilibrium equation. For optically thin lines w; — 7,
whereas for very optically thick lines w; — 1.

The quantity j§Xt can be estimated from the MC transfer much as was described
for gamma-ray deposition in §3.3.1, by counting the number of photons that redshift into
the range (A, A + dX) within a certain volume and time. Upon coming into resonance with

a line, a photon packet with energy E contributes to the monochromatic energy density

E, E dt
duyd\ = =2 — . .
U\ V. B, At (3.53)

In this case, dt is the time the photon spent with a wavelength within (A, A + d\), which
from the Doppler shift formula is dt = texp,dA/A. Using this and Equation 3.20 gives

1 exp
=17 Nesc Z — (3.54)

where the sum runs over all photons that come into resonance with the line at wavelength
A. Plugging this into Equation 3.51 gives us the equation for the temperature 7" in a given

cell

4mr : L E;
D AiwiB(A, T) = Egep — V—;\’] > w; <Z E—J> (3.55)
i Py j P

Clexp
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The sum over % runs over all lines, and the sum j over all packets that come into resonance
with a line at wavelength A;. Equation 3.55 is a nonlinear equation for 7" which is readily
solved numerically. The temperature determined in this way is of course subject to random
noise, and so the MC simulation must be continued long enough such that a large number
of packets pass through every cell. However, because every packet passing through a cell
contributes to Equation 3.55, the number of packets needed to determine the temperature
structure is typically much less than that needed to calculate the emergent spectrum.

The temperature computed by solving Equation 3.55 will generally differ from the
temperature used initially to compute the opacities and thermal emissivity. Therefore we
must iterate the procedure, recomputing the opacities and re-running the MC transfer until

the model becomes self-consistent.

3.4 Some Example Calculations

A MC transfer code implementing the above ideas was written in C++, and par-
allelized using a hybrid of MPI and openMP. The code has been run on as many as 2048
processors at once on the IBM SP supercomputer Seaborg at NERSC. Numerous verifica-
tion tests have been performed. The formation of a single unblended P-Cygni line profile
from a sharp photosphere has been matched to the semi-analytic formula of Equation 2.5.
For the case of blended lines in the absence of continuous opacity, output spectra have be
compared to those from the formal integral code SYNOW (Branch et al., 1985; Fisher et al.,
1997). Continuum polarization calculations have been tested against the analytical formu-
lae of Brown & McLean (1977) in the optically thin case, and the results of Hillier (1994)
and Chandrasekhar (1960) in the optically thick case. Temperature structure calculations
have been tested in the analytically solvable case of widely separated lines. In addition,
detailed output of the code was compared to a very similar code developed by Thomas
(2003). Although the radiative transfer methods were developed in collaboration, the two
codes were written completely independently, providing a very powerful check for bugs.

The example models shown in this section were calculated on a 3-D grid of 10° cells.
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Figure 3.5 Convergence of a spherical SN Ia model, using the W7 compositions shown in

Figure 2.2.

We use a line list from Kurucz (1993) containing about 500,000 transitions. In practice,
storing the opacity of all these lines on a 3-D grid poses an impossible memory requirement.
Thus we typically bin all lines within a width of 50 ki s~ !, and keep only those bins with
summed optical depth greater than my,;, = 0.01. We assured ourselves that the spatial and
wavelength griding were acceptable by confirming that the output did not change as the

resolution was increased.

3.4.1 Convergence Tests

Figure 3.5 shows MC radiative transfer calculations for the spherical SN Ia ex-
plosion model W7 (Nomoto et al., 1984). Beginning with an isothermal atmosphere, the
convergence of the temperature structure is remarkably fast, with the spectrum and tem-

perature changing negligibly after just three iterations. In general, the speed of convergence
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Figure 3.6 Convergence of a spherical hydrogen atmosphere model. The ionization front is

seen in the bottom-left plot.

of a model depends upon how much j§Xt and w; vary from one iteration to the next. The
rapid convergence seen in Figure 3.5 is the result of two factors: (1) the weights w; saturate
at 1 for 7 > 1, and are therefore insensitive to the exact optical depth of strong lines; (2)
the temperature dependence of the opacity in SNe Ia is rather weak, thus the variation of
j)e"“ with iteration is small.

An opposite situation occurs in a pure hydrogen atmosphere, where the opacity
changes very suddenly at the hydrogen ionization temperature. Figure 3.6 shows the for-
mation of an ionization front in a spherical, pure hydrogen atmosphere. The supernova
photosphere forms near this front due to the increased opacity of electron scattering in
ionized hydrogen. Interior to the front, the trapping of photons leads to a sharp rise in tem-
perature, while outside the temperature structure flattens. Despite the sharp temperature

dependence, convergence remains stable and relatively fast.
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Figure 3.7 Converged temperature structure of a SN Ia that has had a conical hole carved
out of it (see Chapter 5). In the inner optically thick layers, the lower opacities in the hole
enhance radiative cooling, and the material is colder than the surroundings. In the outer
optically thin layers, the material in the hole is exposed to bluer and more intense radiation

from below, and so is hotter than the surroundings.

The beauty of the MC approach is that these favorable convergence properties
do not depend upon any symmetry of the problem. Because photon packets sample every
possible trajectory, the coupling of distant points in the atmosphere is handled naturally.
The primary factor affecting convergence is that already mentioned, namely the temperature
dependence of the opacity. Figure 3.7 shows the converged temperature structure for a SN Ia
with a conical hole carved out, which will be the focus of our discussion in Chapter 5. The

aspherical model converged in four iterations, as quickly as the spherical case.
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Chapter 4

SN 2001el and the Geometry of
High Velocity Material in SNe Ia

4.1 Introduction

SN 2001el was the first normal Type Ia supernova observed with a significant in-
trinsic polarization signal (Wang et al., 2003a). Most previous observations of SNe Ia had
shown no obvious polarization given the signal-to-noise ratio of the observations (Wang
et al., 1996b). The one exception was the subluminous and spectroscopically peculiar SN Ia
1999by, which showed an intrinsic continuum polarization of about 0.7% (Howell et al.,
2001). Chemical inhomogeneities were also suggested to explain the rather noisy polariza-
tion data of SN 1996X (Wang et al., 1997). The breakthrough of the SN 2001el detection
was in part due to the brightness of this nearby object, which allowed for early observations
with high signal-to-noise ratio.

The polarization of SN 2001el provided the first definitive evidence that some
normal SNe Ia are aspherical. But the supernova showed another interesting peculiarity as
well  during the epochs prior to maximum light, SN 2001el displayed an unusual Ca II

IR triplet absorption profile that indicated some ejecta were moving very fast, about twice
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the velocity of the photosphere. The polarization of the high velocity calcium feature was
interesting — the level of polarization was high, and the polarization angle distinct from the
rest of the spectrum. This suggests that the geometry of the high velocity material differed
from the bulk of the ejecta.

The relatively high signal-to-noise ratio and spectral resolution of the SN 2001el
observations allow us to model the polarization over the unusual high-velocity line feature.
In this chapter we take an empirical approach, fitting the data with hand-tailored, parame-
terized 3-D configurations by trial and error. A unique 3-D reconstruction of the geometry
is not possible, however, by restricting our attention to the parameterized systems, we can
draw some general conclusions about the viability of different scenarios. In particular, we
examine the case where the inner ejecta layers are ellipsoidal, and the outer, high-velocity
structure is one of four possibilities: a spherical shell, an ellipsoidal shell, a clumped shell,
or a toroid. The calculations help us understand the generic polarization signatures arising

in these relevant geometries.

4.2 Supernova SN 2001el and High Velocity Material

4.2.1 Flux Spectrum

SN 2001el was a nearby, bright supernova (mp =~ 12 mag at peak) discovered in
NGC 1448 (Monard, 2001). Spectropolarimetric observations were taken on Sept 25, Sept
30, Oct 9 and Nov 9 of 2001; descriptions of the observations and data reduction are given
in Wang et al. (2003a).

Figure 4.1a shows the flux spectrum of SN 2001el from the earliest (Sept 25)
observations. The spectrum resembles that of the normal SN Ia 1994D at about 7 days
before maximum light, with the expected P-Cygni features due to Si II, S II, Ca II, and
Fe 1T (see, e.g., Branch et al., 1993). The blueshifts of the minima of these features can be
used to estimate the photospheric velocities of SN 2001el, which for all features are found

to be vy, ~ 10,000 km s
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Figure 4.1 Flux and polarization spectrum of SN 200lel taken on Sept 25. The HVM
feature is shown in bold lines. The minima of the HVM feature are at 7920 A and 8015 A,
while the two minima of the photospheric IR triplet feature are at 8240 A and 8340 A. The

polarization spectrum has had ISP subtracted, as discussed in the text.

The only truly unusual feature of the SN 2001el spectrum is a strong absorption
near 8000 A. The absorption has a “double-dipped” profile, consisting of two partially
blended minima, one at 7920 A and another at 8015 A. It seems to be a pure absorption
feature with no obvious emission component to the red. The feature is still strong on Sept
30, but has weakened considerably by Oct 9. By the Nov 9 observations, the 8000 A feature
has virtually disappeared.

Hatano et al. (1999) identified a much weaker 8000 A feature in SN 1994D as a
highly blueshifted Ca II IR triplet. The double-dipped profile clearly visible in SN 2001el
strongly supports this conclusion. The red-most line of the triplet (A8662) produces the
red-side minimum while the two other triplet lines (A8542 & A8498) blend to produce the
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blue-side minimum (the synthetic spectra to be presented in §4.4 will confirm that the
IR triplet can reproduce the shape of the double minimum). We have investigated all
other potential lines that might have caused the 8000 A feature, but found none able to
reproduce the feature without also producing an unobserved line signature somewhere else
in the spectrum.

Adopting the IR triplet identification for the 8000 A feature, the implied calcium
line of sight velocities span the range 18,000 — 25,000 km s~!. This should be contrasted
with the photospheric velocity of 10,000 km s~ ! as measured from the normal SN Ia features.
We therefore make the distinction between the photospheric material, which gives rise to a
seemingly normal spectrum (hereafter, the “photospheric spectrum”), and the high velocity
material (HVM), which produces the unusual 8000 A feature. As velocity is proportional
to radius in supernova atmospheres, the HVM corresponds to a detached structure at the
outer edge of the supernova ejecta. Figure 4.2 illustrates how such a two-component Call
IR triplet feature would be formed. Although the HVM is illustrated as a spherical shell in
the figure, its geometry is precisely what we want to explore below.

A high velocity Ca II IR triplet feature has been observed in other SNe Ia, albeit
rarely and never as strong. The pre-maximum spectra of SN 1994D (Patat et al., 1996;
Meikle et al., 1996; Filippenko, 1997), show a similar, but much weaker absorption. The
Si IT and Fe II lines of these spectra also suggest some material is moving faster than 25,000
km s~' (Hatano et al., 1999). The earliest spectrum of SN 1990N at day -14 (Leibundgut
et al., 1991) has a deep, rounded 8000 A feature, and the spectrum also showed evidence
of high velocity silicon or carbon (Fisher et al., 1997). The 8000 A feature has also been
observed in the maximum light spectrum of SN 2000cx (Li et al., 2001a). In this case, the
line widths are narrower and the two minima are almost completely resolved.

In SN 2001el, the only clear-cut high velocity spectral feature seems to be the
8000 A feature we therefore refer to it as the HVM feature. Unfortunately, the early-
time spectra do not extend far enough to the blue to observe a corresponding high velocity
component in the Ca II H&K lines. Almost certainly the HVM contains only a fractional

abundance of calcium, but the densities are apparently low enough that only the intrinsically
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Figure 4.2 Schematic diagram of the line formation of the Ca II IR triplet feature in
SN 2001el. The HVM has for illustration been shown as a spherical shell. The line profile
below is the observed flux spectrum of the HVM feature. The vertical lines represent a few
of the CV planes of the A8542 line. Each CV plane corresponds to a unique wavelength in
the spectrum, given in the figure by the wavelength at which they intersect the line profile.

very strong IR triplet lines are noticeable. Detached high velocity features from Ti II and

Fe II, in addition to Ca II, have in fact been observed in SN 2000cx (Branch et al., 2004).

4.2.2 Polarization Spectrum

The polarization data for SN 2001el are shown in the ¢ — u plot of Figure 4.3. In
order to study the intrinsic supernova polarization, we must first subtract off the interstellar
polarization (ISP), caused by the scattering of the radiation off aspherical dust grains along
the observer’s line of sight. The ISP has a very weak wavelength dependence (Serkowski

et al., 1975), and therefore choosing the magnitude and direction of the ISP is basically
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Figure 4.3 g-u plot of SN 2001el on Sept 25. The large filled circles correspond to the
wavelengths of the HVM feature (7800-8100 A) while the small open circles are from the
photospheric spectrum (blue circles represent 4000-6000 A, and red circles 6000-8500 A)
The green square at the origin represents the ISP choice used in this chapter, while the
green triangle is the ISP suggested by later time observations. (Note that the original data

have been rotated such that the photospheric spectrum lies along the g-axis).
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equivalent to choosing the zero-point of the intrinsic supernova polarization in the g-u
plane. The particular choice of ISP can dramatically affect the theoretical interpretation
of the polarization data (see Leonard et al., 2000a; Howell et al., 2001). In SN 2001el, the
choice of the ISP that leads to the simplest theoretical description is shown as the green
square in Figure 4.3. In this case, the photospheric portion of the spectrum (open circles)
draws out a straight line in the g-u plane i.e. apart from some scatter, the degree of
polarization changes across the photospheric spectrum, but the polarization angle remains
fairly constant. This would be the case if all of the photospheric material obeyed a nearly
axial symmetry.

Although the square in Figure 4.3 is favored by simplicity arguments, it is prefer-
able to make a direct measurement of the ISP, if possible. At late epochs it is believed that
the supernova ejecta become optically thin to electron scattering. The intrinsic supernova
continuum polarization would then be zero, and the observed polarization would be due
only to the ISP. Wang et al. (2003a) estimated the ISP in this way, using observations
taken on Nov 9. Assuming the intrinsic supernova polarization is zero at this time, the de-
termined ISP (with an estimated error contour) is shown as the green triangle in Figure 4.3.
Although the ISP thus determined is not grossly inconsistent with the simplest choice, it
seems to indicate that the polarization zero-point lies off the photospheric ¢-u line (open
circles). If this is true, the angle across the photospheric spectrum is no longer constant.
The photospheric material approximates an axial symmetry, but an off-axis, sub-dominant
component (e.g. a photospheric clump) must exist to account for the offset from the g-u
line.

Because the main purpose of this chapter is to explore the geometry of the HVM,
not the photosphere, we will simplify our discussion by ignoring any off-axis photospheric
components. We will assume the polarization zero-point of the axially symmetric component
is given by the square and that the photosphere can be approximately modeled as an
ellipsoid. Although the particular ISP choice has important implications for the geometry
of the photospheric material, it does not greatly affect our analysis of the HVM feature.

The intrinsic polarization spectrum of SN 2001el using our choice of ISP is shown
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in Figure 4.1b. The degree of polarization rises from blue to red, as expected in ellipsoidal
models due to the higher line opacity in the blue (Howell et al., 2001). The level of continuum
polarization in the red is about 0.4%, which in an ellipsoidal model would correspond to
an asymmetry of 10% (Hoflich, 1991). The HVM flux absorption feature is associated with
a large polarization peak, but the noise and the low spectral resolution of the polarization
spectrum do not permit identification of individual peaks associated with each line of the
Call IR triplet.

In Figure 4.3, the wavelengths corresponding to the HVM feature are shown with
closed circles. The HVM polarization angle deviates from the photospheric one, pointing
instead mostly in the wu-direction. The HVM feature also shows an interesting looping
structure — as the wavelength is increased, the polarization moves counter-clockwise in the
g-u plane. Such “g-u loops” have been observed previously in the Ha feature of SN 1987A
(Cropper et al., 1988).

The different polarization angle of the HVM feature means that the geometry of
SN 2001el cannot be completely axially symmetric. This follows from symmetry arguments
alone — the Stokes u parameter changes sign upon reflecting the system about the polariza-
tion reference axis, and therefore must be zero for any system with a reflective symmetry. A
natural explanation of the relatively large degree of polarization and change of polarization
angle of the HVM feature is partial obscuration of polarized photospheric light, somewhat
like Figure 2.8d discussed in §2.3.2. Here the asymmetrical distribution of HVM optical
depth preferentially blocks the right-diagonally polarized photosphere light, causing a more
incomplete cancellation of the polarization. In the next section we describe a technique
for calculating partial obscuration that allows us to test our interpretation by comparing
synthetic polarization spectra to the data. We will find in §4.4 that partial obscuration can
indeed account for the degree and angle of polarization of the HVM feature, including the

q-u loop behavior.
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4.3 A Two-Component Model

For the problem at hand, we can take a simplified approach to the radiative transfer

< 10% em ™3, the

~

problem. Assuming that the electron densities in the HVM regime are
optical depth to electron scattering through the HVM shell is 7., = neo;Rg, < 1072
Therefore one can ignore electron scattering in the HVM, and the radiative transfer problem
separates naturally into the two regimes of photosphere and HVM. The photosphere acts
as a source of polarized light illuminating a region of pure line optical depth in the HVM.
Assuming the lines are depolarizing, the only effect of the HVM is to obscure some of the
polarized photospheric light and re-emit some unpolarized light into the observer’s line of
sight.

The geometry used in the models is shown in Figure 4.4. We use a cylindrical
coordinate system (p, ¢, z) where the observer line of sight is the z axis with z decreasing
toward the observer (i.e. the observer is at negative infinity). The polarization reference
axis is chosen to lie along the ¢ = 0 direction, which is also the photosphere symmetry axis.

To calculate line formation, we use the Sobolev formalism described in §2.2.1. In
the case of a monotonically expanding atmosphere with more than one line, a beam of
radiation will come into resonance with each line one at a time, starting with the bluest
line and moving to the red. In this case, Equation 2.4 for the specific intensity reaching an

observer is readily generalized to include polarization and multiple lines,

N i—1

N
I(A\,p, ) =To(\, p, ¢) exp ( Zn) + Z Si(A,p,#)[1 — €] eXP<

i=1

Tj>, (4.1)

J=1
where the indices 7 and j run over the lines from red to blue. Here I is the Stokes specific
intensity emerging from the photosphere, and is assumed to be known (see next section).
S is the line Stokes source function, and 7 its Sobolev optical depth. The 3-D distribution

of 7 will be varied through trial and error to attempt to find a geometry appropriate to

SN 2001el.
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Figure 4.4 Geometry used in the models. The line of sight is in the negative z-direction.
The y-axis is both the polarization reference direction and the photosphere symmetry axis.
The angles v and  define the orientation of the HVM symmetry axis, where v is the angle
between the y-axis and the HVM axis, and § is the angle between the line of sight and the
projection of the HVM axis onto the z — z plane. ¢ denotes the opening angle of the clump
(hashed arc) and the toroid (solid arc). The two structures are generated by spinning the

arcs about the HVM axis.

4.3.1 The Photospheric Intensity

We model the photospheric region as an inner unpolarized boundary surface (the
inner core), surrounded by a pure electron scattering envelope with a power law electron

n

density p « r=". We choose n = 7, a density law motivated by SN Ia explosion models
and one that has been often used in direct spectral analysis (Nomoto et al., 1984; Branch
et al., 1985). The optical depth (in the radial direction) from the inner boundary surface to
infinity is set at 7;, = 3. The assumption of a pure electron scattering atmosphere should
be a good one for the wavelength range we are interested in. The photons that redshift into
resonance with the high velocity IR triplet are those with wavelengths from 8000-8500 A,

and there are no strong lines or absorptive opacities in this region of the spectrum (see Pinto
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& Eastman, 2000a). The wavelength dependence of the photospheric intensity is assumed
to follow a blackbody distribution with a temperature Ty, = 9000 K, chosen to fit the slope
of the red continuum. We do not attach any physical significance to the value of Ty, but
consider it only a convenient fit parameter.

We have used the Monte Carlo techniques described in Chapter 3 to calculate the
polarized specific intensity emergent from the photosphere. To begin, we consider the case
of spherical geometry. From the circular symmetry, the intensity and degree of polarization
of a specific intensity beam only depends upon the impact parameter p and not on ¢.
Let I,(p) represent the specific intensity in the Z direction at p, and P,(p) the degree of
polarization of this beam. The intensity and polarization emergent from the photosphere
are shown in Figure 4.5 for several values of n and 7;,. Here p is given in units of the
photosphere radius, defined as the radius at which the optical depth to electron scattering
equals unity. Note that the photospheric specific intensity does not terminate sharply at
the photospheric radius as often assumed in Sobolev models; rather, a significant amount
of light is scattered into the line of sight out to p = 1.4. Since this limb light is highly
polarized (up to 40%) it is important to include it in our calculations. I,(p) has become
negligible out at the HVM distances of p = 2, which confirms that we can make a clear
separation between the photospheric and HVM regimes. We also see that the photospheric
light does not depend strongly on our choice of n or 7;,.

For ¢ = 0, the polarization points in the horizontal, or negative @) direction i.e.,
Q(p,¢» =0) = —1,(p)P,(p) while U(p,» = 0) = 0. The Q and U components at arbitrary ¢

are derived by rotating this expression by ¢ using the rotation matrix Equation 3.39,

Iy I, (p)
Io(p,#) = [ Qo | = | =P.(p)L.(p) cos(2¢) | - (4.2)
Uo ~P,(p)I.(p) sin(2¢)

To take into account the asphericity of the photosphere in SN 2001el, we use
the fact that the small degree of polarization suggests a rather small (~ 10%) deviation

from sphericity. It should therefore not be a bad approximation to apply the spherically
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symmetric specific intensities to a slightly distorted photosphere (see Shapiro & Sutherland,
1982; McCall, 1984; Jeffrey, 1991; Cassinelli & Haisch, 1974). In our models we will only
consider the case of an oblate ellipsoidal atmosphere with axis ratio F and viewed edge-on.

We define an ellipsoidal coordinate

n=py/L+(E? — 1)sin? g, (4.3)

Our approximation is that the emergent Stokes intensity from a position (7, ¢) is given by
Equation 4.2 with I,(p =1, ¢ = ¢) and P,(p =1, ¢ = ¢). In this case we find an axis ratio
of E = 0.9 is necessary to produce the 0.4% polarization observed in the red continuum of
SN 2001el. The result agrees with previous, 2-D calculations (Jeffrey, 1991; Hoflich, 1991).

While the above photospheric model provides a simple and rather general descrip-
tion of an axially symmetric photosphere, there is no easy way to assure ourselves that this
photospheric model is unique. The actual specific intensity emergent from an ellipsoidal
atmosphere can depend on the depth and shape of the inner boundary surface, as well as
on the inclination of the system. Moreover, the polarization of the photospheric spectrum
of SN 2001el could arise from a different kind of asphericity altogether, for instance an
off-center Ni®® source, or a clumpy atmosphere. In the absence of a single preferred photo-
spheric model, we proceed with the above model, but reiterate that it remains just one of
many possible scenarios. Other choices of I,(p, ¢) and P,(p, ¢) must be investigated on a

case by case basis.

4.3.2 The Line Optical Depth and Source Function

In our synthetic spectrum fits, we take the optical depth of the A8542 line as a free
parameter 1. The optical depths of the other two lines (A8662, A8498) are derived from
71. All three triplet lines come from nearly degenerate lower levels, so in LTE the relative
strength of each line depends only upon the weighted oscillator strength ¢f of the atomic
transition. Even if the level populations deviate from LTE, one expects the deviation to
affect each of the nearly degenerate levels in a similar way. The A8542 line has the largest

gf value; A\8662 is 1.8 times weaker, and A\8498 is 10 times weaker.
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Figure 4.5 The intensity and polarization of specific intensity beams emerging from the
spherical electron scattering photosphere. The impact parameter p is given in units of the
photospheric radius, defined as continuum optical depth of one. The solid lines are the
values used in this chapter and the others lines show comparisons with slightly different
models. Panels (a,b) show the dependence on the power law index n assuming 7, = 3;
solid line: n = 7, dashed line: n=5, dotted line: n = 3. Panels (c,d) show the dependence
on inner optical depth 7, assuming n = 7; solid line: 7;, = 3,dashed line: 7;, = 5, dotted

line: 7, = 1.

For the reasons discussed in §2.3.3, we assume light scattered or created in a line is
unpolarized. For the present case, this is further justified by the facts that the polarizability
factor for the IR triplet lines is almost zero for A8542 (W, = 0.02) and exactly zero for A8662.
According to the Hamilton prescription, only the A8498 line has a moderate polarizing effect
(W5 = 0.32), but this line is by far the weakest of the three. On the basis of the spectral
fits of §4.4, we will argue that the lines of the IR triplet are saturated (71 2 5) for the HVM
in front of the photosphere; therefore multiple scattering within the line will also tend to
make the scattered light isotropic and unpolarized.

For an isotropic, unpolarized source function, the Stokes vector is S = (Sy, 0, 0).
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For Sy we use the parametrized two-level equivalent atom source function given by Equa-
tion 3.32. The incident radiation from the photosphere is geometrically diluted by a factor
of roughly Wrzh/élm“%,VM ~ 1/16. Thus for a pure scattering line (¢ = 0), the intensity of
the line source function is about 16 times weaker than the average photospheric intensity.
At the other extreme, for a thermalized line (¢ = 1) and an HVM temperature of 5500 K,
the line source function is about 4 times weaker than the average photospheric intensity.
Because the line source function light is unpolarized and relatively weak, we find in the end
that it has little effect on the synthetic line profiles. The exact value of € is thus not of

great importance. In our models, we use e = 0.01.

4.3.3 The Integrated Spectrum

To obtain the observed Stokes fluxes at a certain wavelength one must integrate
the specific intensity over the CV planes of each line. For those CV planes behind the
photosphere, we must also account for the attenuation of the line source function light due
to scattering off electrons as the beam passes through the photospheric region. If we define
Tes(p, ¢, z) as the electron scattering optical depth along the z-direction from the point
(p, ¢, z) to the observer, then a fraction (1 — e ") of photons will be scattered out of the
line of sight on their way to the observer. We assume these photons are simply removed
from the beam and are not subsequently re-scattered into the line of sight.

For a single line atmosphere, the integrated Stokes fluxes at wavelength A are given

by integrating Equation 4.1 over the correspond CV plane at z,:

Fi(N) = [ [|L(n,¢)e ™ + (1 —e 7)So(p, d, 2 )e ™ | pdpdg, (4.4)
Fo(A) = [ [ P.(n,¢)1.(n, ) cos(2¢)e” " pdpdep, (4.5)
Fy(\) = I [ P.(n, $)L.(n, ¢) sin(2¢)e” " pdpdé. (4.6)

The integrals can be easily generalized to the case of multiple lines.
Given our scenario of how the high velocity Ca Il polarization is formed by partial

obscuration, Equations 4.6 give us some insight into what extent the HVM geometry is
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constrained by the polarization measurements. For simplicity, consider the formation of
a single, unblended line, above a spherical photosphere, and suppose we are trying to
reconstruct the distribution of Sobolev line optical depth 7(p, ¢, z) over the entire ejecta
volume. The Stokes flux at a certain wavelength gives us information about 7 over the
corresponding CV plane at z,. As Equations 4.4-4.6 demonstrate, we obviously will not
be able to uniquely reconstruct the distribution of 7 over this plane, because all of the
information gets integrated over to give the three quantities we measure: Fr(\), F()), and
Fy(X). What we do measure can be thought of as certain “moments” of the 7 distribution
over each CV plane. F7y is a type of “zeroth moment,” which depends mostly upon how much
material is covering the photosphere, with little dependence on its geometrical distribution.
On the other hand the Fy and Fy, because of the cos 2¢ and sin 2¢ factors, behave somewhat

like “first moments,”

and are sensitive to how 7 is distributed over the photosphere. Because
the angle factors are rather low-frequency, smaller scale structures will be averaged out
over the integrals, and the polarization measurements will only constrain the large scale

structures in the HVM.

4.4 The Geometry of the High Velocity Material

The speed of the two-component model allows us to explore many different config-
urations for the HVM. We report on four possibilities here, each of which may approximate
a structure that is the result of a different physical mechanism: (1) a spherically symmetric
shell, (2) an ellipsoidal shell, (3) a clumped spherical shell, and (4) a toroidal structure.
3-D visualizations of the clump and toroid are shown in Figures 4.6 and 4.7, respectively.
The value of using highly idealized models is that they provide general insight into the
observable signatures arising in different geometries.

The detailed geometrical structure of the models is shown in Figure 4.4. The
photosphere symmetry axis is the ¢ = 0 axis, which is also chosen as the polarization
reference direction. The HVM follows a distinct axis of symmetry defined by the two angles

v and §. The velocities v; and vy denote the inner and outer radial boundaries of the
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Figure 4.6 Visualization of the clump geometry for SN 2001el.

HVM, while 1) is the opening angle. The reference optical depth 7; of the A8542 line is
assumed constant throughout the defined structure boundaries. Table 4.1 summarizes the
fitted parameters of each HVM geometry considered in the sections to follow.

Before examining the specific models, we first discuss the general constraints that

must be met by any model.

4.4.1 General Constraints

Because the HVM polarization feature is caused by partial obscuration, practically
all of our information on the geometry of HVM concerns the material in front of the photo-
sphere (the absorption region). We will thus have very little information as to the amount
and distribution of material in the emission and occluded regions. For a spherical shell
HVM, about 5% of the material is in the absorption region, 5% is in the occluded region,
and 90% is in the emission region. Thus we only probe a small portion of the potential

HVM.



Table 4.1. Fitted parameters for HVM models

Name 12 v9? Eb wd ¢ 0¢  fit-figure
spherical shell 20,200 25,300 1.0 0.83 - - - 4.9
ellipsoidal shell 21,200 24,800 0.91 1.20 - 25° 90° 4.12

clumped shell 20,600 24,300 1.0 5.0 23° 83.5° 4.2° 4.13
edge-on toroid 20,900 24,500 1.0 5.0 30° 45° 90° 4.14
inclined toroid 20,500 24,700 1.0 5.0 35° 45°  43° 4.16

2v1, vg: inner/outer radial or semi-major boundary in km s !

PE: Axis ratio
°r: optical depth of reference line (A8542)
dep: opening angle (see Figure 4.4)

v, d: angles defining orientation of HVM symmetry axis (see Figure 4.4)

80
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Figure 4.7 Visualization of the toroid geometry for SN 2001el.

The observed HVM feature does not have a noticeable emission feature, but this
does not provide any strong constraint on the emission region material, as such a feature is
predicted to be very broad and weak (see Figure 4.8). To make matters worse, the HVM
emission feature overlaps with the photospheric triplet absorption and emission, making
it difficult to separate the two contributions. In our models, we do not attempt to fit
the region redward of 8200 A, where this blending occurs. The best way to constrain the
amount of emission region material is by line of sight variations (see §4.5). The material in
the emission region from one line of sight, becomes material in the absorption region from
another. With a larger sample of supernovae one may be able to piece together a picture
of the entire volume of high velocity ejecta.

As for the absorption region material, we can list four general constraints directly
deducible from the spectra:

(1) The width of the HVM flux absorption feature constrains 7; to be non-zero
only over the line-of-sight velocity range 18,000 — 25,000 km s . 7 is thus confined to a
relatively thin region that is significantly detached from the photosphere. The edges of the

flux feature are sharp and persist over time, suggesting that the boundaries of the HVM
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Figure 4.8 The effect of emission region material from a spherical shell at a temperature
T = 5500 K. A pure scattering line (¢ = 0; solid line) does not produce a visible emission
feature. A thermalized line (e = 1; dotted line) produces an emission, but because this will
be blended with the photospheric triplet absorption and emission, it may still be difficult
to detect.

are well-defined.

(2) At the minimum of the HVM absorption the flux has decreased by 43% from
the continuum level. For geometries where the HVM covers the entire photosphere, the
optical depth implied is 7 ~ 0.8. On the other hand, some geometries may have higher
optical depths and smaller covering factors, the minimal covering factor being fiin = 43%
for when the lines are completely opaque. (Note that in this context the term “covering
factor” denotes the percent of the photospheric area obscured by the slice of HVM on a CV
plane. Since this differs from the traditional usage of the term, we hereafter call this the
z-plane covering factor.)

We can use the double-dipped flux profile to constrain the z-plane covering factor

of the HVM. Because the A8542 blue triplet line is intrinsically stronger than the A8662
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red triplet line (with a gf value 1.8 times larger), the blue minima of the IR triplet feature
will be about twice as deep as the red one unless both lines are saturated. Because the
minima in the HVM feature are of about equal depth, we conclude that the two lines are
indeed saturated (i.e., 71 > 5) and the z-plane covering factor is in fact the minimal one,
Sfmin = 43%.

(3) The shape of the flux profile may also constrain the value 71. If all three triplet
lines are saturated, the blue minima will tend to be wider than the red, due to the blending
of the A\8498 with the A8542 line. The fact that both minima have roughly equal width
suggests that the A8498 line is weak while the other two lines are strong, a situation that
occurs when 7 = 5.

(4) Finally, the HVM polarization feature points primarily in the u-direction. This
means the distribution of the HVM is weighted along the 45° line to the photosphere

symmetry axis.

4.4.2 Spherical Shell

The first HVM geometry we consider is a spherically symmetric shell. The bound-
aries of the spherical shell must be v; = 20,200 km s~ ! and vy = 25,300 kmm s~ ! to reproduce
the line width. The z-plane covering factor is found to be ~ 1, and the optical depth neces-
sary to fit the line depth 7, = 0.77. In Figure 4.9 we compare the synthetic spectra to the
observed data. While the overall fit of the flux feature is decent, the red-side minimum is
not well reproduced. We will find better fits to the double-dipped profile using non-spherical
geometries with smaller z-plane covering factors and saturated lines. Thus the flux spec-
trum alone suggests a deviation from spherical symmetry, although the evidence is rather
subtle.

The effect of the spherical shell on the polarization is demonstrated by the slice
plots of Figure 4.10. At the blue end of the absorption feature (slice a), the line obscures the
weakly polarized, central light, allowing highly polarized, edge light to reach the observer.

This creates a peak in the polarization spectrum. Further to the red of the feature (slice b),
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Figure 4.9 Synthetic spectrum fits to the observed HVM feature using the spherical shell
model. In the top two plots, the solid black line is the observed data, and the dashed red
line the fit. In the bottom g-u plot, the black circles are the data and the red squares the
fit. The open circles indicate wavelengths corresponding to the photospheric spectrum and

the solid circles to the HVM feature.
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Figure 4.10 Three slices through the spherical shell HVM, which demonstrate how a
detached spherical shell affects the polarization at three different wavelengths. Each
slice in grey is the HVM cross-section on a plane perpendicular to the z (line of sight)
axis, corresponding to a CV surface for the A8542 line at a particular wavelength. top:
v, = —22,500 km s '— X = 7900 A; the line obscures the lowly polarized central light,
leading to a polarization peak middle: v, = —15,500 km s '— A = 8100 A; the line ob-
scures the highly polarized edge light, leading to a depolarization of the spectrum bottom:
v, = —5000 km s '— X\ = 8400 A; the line does not obscure the photosphere, but the
addition of unpolarized line source function light slightly depolarizes the spectrum. Note:
the photospheric axis-ratio has been exaggerated (F = 0.8 rather than F = 0.91) to clarify

the asymmetry.
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the line obscures the edge light and thus depolarizes the spectrum. Even further to the red
(slice ¢), the line no longer obscures the photosphere, but the emission region material emits
unpolarized line source function light into the line of sight, and a small level of depolarization
continues. This polarization feature resembles an inverted P-Cygni profile, as discussed in
§2.3.3.

In Figure 4.9b we see that the spherical shell naturally reproduces the correct shape
and size of the HVM polarization peak. The fact that the synthetic polarization feature
has only a single peak is the result of a line blending effect: the red-side depolarization of
the A8542 feature suppresses the peak due to the A8662 line. Note that while the observed
depolarization minimum near 8400 A is not well fit, this is not necessarily a weakness of
the model, as the feature at these wavelengths is produced mostly by the calcium near the
photosphere, which has not been included in the model. In any case, the spherical shell,
which follows the axial symmetry of the photosphere, does not change the polarization
position angle in the observed manner (Figure 4.9¢). This rules it out as a viable model for

the HVM.

4.4.3 Rotated Ellipsoidal Shell

The good fit to the polarization level in Figure 4.9 suggests that a shell-like struc-
ture may be a viable candidate for the HVM, as long as the shell is somehow distorted from
perfect spherical symmetry to account for the rotation of the HVM polarization angle. The
simplest scenario is one where the HVM layers of the ejecta are ellipsoidal with the same
oblateness as the photospheric layers, but with a rotated axis of symmetry. A case similar
to this may arise, for example, if the HVM comes from swept-up circumstellar material
from the asymmetric wind of a companion star (e.g., Hamuy et al., 2003; Gerardy et al.,
2003).

The effect of the rotated ellipsoidal shell on the polarization spectrum is demon-
strated in the slice plots of Figure 4.11. The slices closely resemble those of the spherical
shell (Figure 4.10) except that now the cross-sections of the HVM are ellipses. The shape
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Figure 4.11 Three slices through the rotated ellipsoidal HVM. Panels are the same as in
Figure 4.10. Because the rotated ellipsoidal shell preferentially obscures diagonal light, it
will produce a polarization feature with a non-zero u-component. The axis ratio of both the
photosphere and HVM shell are exaggerated (E = 0.8 rather than 0.91) in order to clarify

the asymmetries.
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Figure 4.12 Synthetic spectrum fits using the ellipsoidal shell geometry. The panels are
the same as in figure 4.9. The fits to the flux and polarization spectra are similar to the
spherical shell, but now the HVM feature is polarized primarily in the u-direction. The

synthetic feature draws a loop in the g-u plane, similar to that in the observed data.
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and size of the flux and polarization features are thus very similar to the spherical case. For
v =0 (HVM and photosphere axis aligned) the system is axially symmetric and the HVM
polarization feature points in the ¢-direction. As + is increased, the ellipses begin to absorb
diagonally polarized light and the HVM polarization feature rotates into the u-direction.
The synthetic spectra for v = 25°, 77 = 0.77 are shown in Figure 4.12. The
ellipsoidal shell, like the spherical one, fails to reproduce the double-dipped flux profile.
On the other hand, it is able to fit the polarization peak and the change of polarization
angle. Even more interestingly, the ellipsoidal shell produces a g-u loop similar to that
observed in the data. In our models, we find that a ¢g-u loop is a common signature of
partial obscuration in two-axis systems. The absorption of the photospheric light typically
produces a peak in both the ¢ and u polarization. The partial obscuration effect on the ¢
and u polarizations is distinct, so that in general these features do not peak at the same
wavelength, but rather are out of phase. When plotted in the g-u plane, this phase offset

makes a loop.

4.4.4 Clumped Shell

We parameterize a clumped shell as the section of the spherical shell lying within
a cone of an opening angle 1 (a “bowl”-shaped structure, see Figure 4.4). A single clump
like this could perhaps arise if the calcium in the HVM was produced by nuclear burning
that occurred along a preferential axis. The clumped shell could also represent one piece
of a shell broken into numerous clumps, a possibility discussed in more detail at the end of
this section.

In deciding on the appropriate values for the clump parameters, we are guided by
the constraints listed in §4.4.1. The opening angle is constrained to 9 = 25°, so as to achieve
the minimal z-plane covering factor. The orientation of the clump axis is chosen so that
the clump lies in between the observer and the photosphere, obscuring the photosphere’s
diagonal.

Through trial and error, a reasonable fit to the data was found for ¢ = 24° ;17 =
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5,v = 83.5°, and § = 4.2° The synthetic spectra are shown in Figure 4.13. Because the
lines are now saturated, the clump is able to reproduce the two equal minima of the flux
absorption. The clumped shell also reproduces the important features of the polarization
spectrum — i.e., the level of polarization, the polarization angle, and the g-u loop. On the
other hand, the red edges of the synthetic flux and polarization spectra do not quite match
those observed. In the polarization spectrum, the peak due to the A8662 feature is not
suppressed by blending as it was in the shell models. This suggests that our parameterized
clump geometry may be too simple, and a more realistic model may involve a complicated
superposition of clumps and shell.

Although our clumped shell model consists of only a single clump, it is possible
that many more clumps exist in the emission region of the shell. The extra clumps would
leave no obvious signature on the flux spectra (see §4.4.1). Clumpiness in a shell could
be caused by instabilities in the burning front, such have been found in 3-D deflagration
models of SNe Ta (Reinecke et al., 2002; Gamezo et al., 2003). Alternatively, if the HVM is
the result of swept-up circumstellar material, the clumpiness could arise from the Rayleigh-
Taylor instabilities that are expected to arise (Chevalier & Klein, 1978). The exact scale
of the clumpiness is unknown — as we noted in reference to Equation 4.6, the polarization
feature due to partial obscuration is not sensitive to small scale structure, giving rather the
integrated “moments” of the optical depth distribution. The clump distribution is, however,
constrained in two ways: (1) Whatever the size of the clumps, their angular distribution
must be weighted along the clump axis defined above. If the clumps were instead small
structures distributed uniformly over the shell, when integrated up they would average
out to the uniform spherical shell analyzed in the previous section, which did not show a
rotation of the polarization angle. (2) This weighted angular distribution of the clumps
cannot vary in the radial direction. If it did, the polarization angle of the HVM feature

which is set by the distribution of the randomly placed clumps over the photosphere
would vary randomly across the HVM feature rather than forming a ¢-u loop oriented in
the u-direction. Both of these suggest that the scale of the clumpiness is not much smaller

than the single clump used in the model.
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Figure 4.13 Synthetic spectrum fits using the clumped shell geometry. Panels are the same

as in Figure 4.9
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4.4.5 Toroid

A toroid would be an especially interesting structure to find in the ejecta of a
SN Ia, as it might give a hint as to the binary nature of the progenitor system. In the
currently preferred progenitor scenarios (see Branch et al., 1995), SNe Ia are the result of a
white dwarf accreting material either from the Roche-lobe overflow of a companion star or
the coalescence with another C-O white dwarf. The orientation of the accretion disk axis
naturally suggests an independent orientation of the outer ejecta layers.

Whether an accretion disk could be swept up into a toroidal structure after the
supernova explosion can only be addressed by multi-dimensional explosion modeling. Here
we can calculate what effect such a structure would have on the flux and polarization
spectrum, and whether it could possibly account for the HVM feature in SN 2001el. We
parameterize the toroid as the ring of a spherical shell lying within opening angle v (see
Figure 4.4).

We first consider a system where the toroid is observed edge-on. We set ¢ = 30°,
giving the minimal z-plane covering factor, and 71 = 5. We orient the torus axis at v = 45°
to preferentially absorb the diagonal light. The results are shown in Figure 4.14. The flux
feature is a good match to the double-dipped profile, but the polarization peak at 5% is
much too large. The reason is clear from the slice plot in Figure 4.15 — the edge-on toroid,
which occludes opposite sides of the photosphere, is very effective at blocking light of a
particular polarization.

A good fit to the polarization feature can still be sought by changing the inclination
of the toroid. As the inclination is increased, the toroid rotates off the photodisk and both
the flux and polarization feature decrease. The boundaries of the toroid and the opening
angle must then be readjusted to properly fit the flux feature. In the present model a perfect
fit cannot be found for any inclination. For all cases where the flux feature is well fit, the

polarization feature is too strong a compromise fit is shown in Figure 4.16.
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Figure 4.14 Synthetic spectrum fits to the HVM feature using the edge-on toroid geometry.

Panels are the same as in figure 4.9. The polarization feature is much too strong.
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Figure 4.15 Three slices through the edge-on toroid HVM. Panels are the same as in Fig-
ure 4.10. Because the toroid is very effective in blocking light of a particular polarization,

it will lead to large polarization peaks.
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Figure 4.16 Synthetic spectrum fits to the HVM feature using the inclined toroid geometry.
Panels are the same as in Figure 4.9. The polarization feature is still too strong, while the

flux absorption is too weak.
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Figure 4.17 Line profile of the ellipsoidal shell model from various lines of sight. Positive
(negative) g-polarization indicates vertically (horizontally) polarized light. An absorption

feature is visible from all lines of sight.

4.5 The High Velocity Material from Other Lines of Sight

Our previous discussions have made it clear that several geometrical configurations
are capable of providing reasonable fits to both the flux and polarization HVM features. The
degeneracy problem is two-fold: (1) Different distributions of absorbing material in front of
the photosphere can lead to similar polarization features (see the discussion in §4.3.3). (2)
There is no strong diagnostic of the amount and distribution of material in the emission
and occluded regions (§4.4.1). In this section we consider how the degeneracy problem can
be overcome by future SN Ia observations that may probe the HVM from different lines of
sight.

One difficulty in exploring line of sight variations is that the number of possible

configurations in a two-axis system is enormous. Even holding the boundaries of the HVM
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Figure 4.18 Line profile of the clumped shell model from various lines of sight. As the section
moves to the edge of the disk, it blocks lower intensity, highly polarized edge light. The
flux feature thus gets weaker while the polarization gets stronger. Note that for v = 40°

the flux absorption is hardly visible while the polarization feature is strong.

fixed, we still have as free parameters the angle between the photosphere and HVM sym-
metry axis and two angles specifying the line of sight. There is no easy way to catalog
all the possibilities. Therefore to keep the discussion simple and general, in the following
calculations we choose the underlying photosphere to be spherical. The HVM axis can then
be aligned in the z — y plane (i.e., 6 = 0°), leaving as the only free parameter the inclina-
tion . The polarization is then in the ¢ direction; we use the convention that a positive
g-polarization indicates the net flux is vertically polarized, while a negative g-polarization
indicates it is horizontally polarized.

The ellipsoidal shell shows only subtle variations with inclination (Figure 4.17). A

flux absorption is visible from all lines of sight, with the absorption profile barely changing
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Figure 4.19 Line profile of the toroid model from various lines of sight.

with inclination. The only effect on the profile is a small shift of the minimum to the red as
the short (i.e., slow) end of the shell moves into the line of sight. For v = 0° (shell viewed
edge-on) the polarization is a maximum at 0.8%; this level is comparable to the HVM
feature of SN 2001el. As « is increased, the polarization feature decreases monotonically.
For v = 90° (shell viewed pole-on) circular symmetry is recovered and the polarization is
Zero.

The clumped shell, on the other hand, shows strong variations with inclination
(Figure 4.18). The flux absorption is deepest for v = 90°, when the clump is viewed
top-on, directly in between the photosphere and observer. At this inclination, the system
is circularly symmetric and the polarization cancels (the perfect cancellation is of course
the unnatural result of our simple “bowl-like” clump parameterization; a more irregularly
shaped clump would show a small polarization feature). As +y is decreased, the clump moves

to the edge of the photodisk, where it covers lower intensity, more highly polarized light. As
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a result, the flux absorption gets weaker while the polarization feature becomes stronger.
A strict inverse relationship holds for the inclinations 90° — 70° and provides an important
signature for the single clump model. For inclinations smaller than 60° the polarization
begins to decrease, but still remains much stronger than the flux feature. An especially
striking signature occurs for the line of sight v = 40°. Here the flux feature is barely visible
while the polarization feature is strong (~ 1%). The observation of this type of feature
would clearly rule out an ellipsoidal shell and favor a single clump HVM geometry.

The variety of possible flux profiles from the clumped shell model corresponds
nicely to the variety of profiles that have already been observed in some other supernovae.
As the inclination is decreased from 90°, the clump extends further in the z-direction — the
two lines therefore become broader and the two minima more blended. When the clump
is viewed directly on (y = 90°), the two minima are largely resolved, which is not unlike
the feature in SN 2000cx (Li et al., 2001a). At slightly smaller inclinations (y =~ 80°) we
found the best fits to the partially blended minima of SN 2001el. For v = 40° the feature is
weaker and the two minima are almost completely blended, resembling the rounded feature
of SN 1990N. For v = 20°, the feature is very weak and about the depth that it was observed
in SN 1994D. Thus the clumped shell may be a single model capable of reproducing the full
range of available observations of the HVM flux feature. More observations are necessary,
however, to determine if the variety of flux profiles is indeed a line of sight effect or rather
represents individual differences in the high velocity ejecta.

The most obvious signature of the toroidal geometry (Figure 4.19) is the high levels
of polarization (~ 5%) when viewed near edge-on (y = 0°). An edge-on toroid occludes
vertically polarized light from the edges of the photosphere, giving a polarization feature
with ¢ < 0. As the toroid is inclined, the structure rotates off the photodisk and both the
flux absorption and polarization peak weaken (in contrast to the clumped shell model). At
inclinations greater than 20°, the toroid begins to occlude the horizontally polarized light

from the bottom of the photosphere;q then flips sign and becomes positive.



100

4.6 Summary and Conclusions

The investigations presented in this chapter are some of the first to explore fully
3-D supernova geometries in detail, and to use the polarized line features to constrain the
geometry of different components of the ejecta. They begin to hint at the sort of detailed
geometrical information that may be extracted from high quality spectropolarimetric ob-
servations. Interpreting the polarization observations through modeling turns out to be a
difficult endeavor, however, largely because of the the enormous number of configurations
available in arbitrary 3-D geometries. A parameterized approach is therefore useful in un-
derstanding the general polarization signatures arising from different geometrical structures.

The models computed in this chapter highlight the wide range of spectropolarimet-
ric features possible when aspherical geometries are considered. Depolarizing line opacity
in the supernova atmosphere does not in general produce simple depolarization features
in the polarization spectrum. Asymmetrically distributed line opacity often creates a po-
larization peak by partially obscuring the underlying photosphere. In systems where the
line opacity follows a different axis of symmetry from the electron scattering medium, the
resulting polarization feature generally creates a loop in the g-u plane. The two-component
model described in this chapter provides a convenient approach for quickly calculating and
gaining intuition into the types polarization features arising from partial obscuration.

For the case of the high velocity material in SNe Ia, partial obscuration is the
dominant effect on the line polarization features, resulting in significant polarization peaks
for practically any geometry considered. We have therefore explored to what extent partial
obscuration alone can explain the Ca II IR triplet polarization peak in SN 2001el. Although
a unique reconstruction of the ejecta geometry is not possible, we can rule out a spherical
shell and find good fits with a clumpy structure.

In addition, we have shown how different HVM geometries can be clearly discrim-
inated by observing them from varying lines of sight. Depending upon the HVM geometry,
a flux absorption similar to that of SN 2001el will be observed in SNe Ia with different

frequency. For a shell-like model, the flux signature will be observed from all lines of sight,
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while for the toroid and clump, only a fraction of the lines of sight produce the signature
absorption. Under the assumption that the HVM has a similar structure in all (or at least
a known subset) of SNe Ia, it may be possible to constrain the geometry with a statistical
sample of early flux spectra. Because the different models leave even more dramatic signa-
tures on the polarization spectra, only a few well-observed supernovae like SN 2001el are
needed to discriminate among the various scenarios (see §4.5).

Although more observations are necessary to pin down the exact geometry of the
HVM, one can begin to speculate about its origin. Two questions in particular must be
addressed: Why is the HVM feature geometrically detached from the photospheric material?
Why does the HVM deviate from the dominant axis of symmetry of the photospheric
material?

The detachment of the HVM indicates that the atmospheric conditions change
rather suddenly at high velocity. Three possible changes (or a combination thereof) could
result in an HVM feature (see Hatano et al., 1999): (1) A spike in the overall density
in the HVM. (2) A spike in the calcium abundance. (3) A sudden change in the ioniza-
tion/excitation of the calcium. The last of these may result from the decreasing temper-
atures in the outer layers of ejecta, which cause an increased recombination of Ca III to
Ca II. However, it seems unlikely in this case that this optical depth spike would have
sharp geometrical boundaries that persisted over several epochs of observations, as found
for SN 2001el.

The distinct orientation of the HVM as compared to the photospheric material
could be (1) the result of random processes in the explosion physics/hydrodynamics such
as large scale clumpiness due to Rayleigh-Taylor instabilities, or a clumpy Ni®® distribution
causing an irregular ionization of calcium, or (2) an indication of a preferred direction in
the progenitor system; for example, the photospheric dominant axis could represent the
rotation direction of the white dwarf, while the HVM axis could represent the orientation
of an accretion disk.

A tantalizing possibility is that the HVM is related to a binary companion star,

and that we may actually be seeing direct signatures of the SN Ia progenitor system. This
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possibility has been explored by Gerardy et al. (2003) in their analysis of a similar Ca II IR
triplet feature in SN 2003du. They show that in running into a low-density circumstellar
environment, the outer layers of the supernova ejecta are decelerated into a dense outer
shell, which can produce a HVM feature. Another possibility is that the supernova ejecta
may strip some material as it impacts the companion star. According to the models of
Marietta et al. (2000), some stripped material is ejected at high velocity, and is distributed
primarily in the forward direction.

In addition to being a possible signature of a progenitor system, the HVM is an
important source of observational diversity in SNe Ia. The high-velocity Ca II IR triplet
absorption feature seen in SN 2001el decreases the observed /-band magnitude by ~0.2 mag.
In SN 2000cx, additional high-velocity features of Ti II and Fe II occurred in the middle
of the B-band, leading Branch et al. (2004) to suggest that a gradual thinning of a high-
velocity clump in SN 2000cx may explain the unusual, lopsided B-band light curve of this
object. Note that the effect of the HVM on photometric measurements is closely tied to
its geometry for a spherical, pure scattering atmosphere, the flux absent in the P-Cygni
absorption component exactly equals the added flux in the emission feature. Observed
broad-band magnitudes should thus be relatively unchanged unless the HVM aspherical, in
which case flux missing in the absorption feature will be lost to another line of sight. An
increased understanding of the geometry of the high-velocity material is therefore relevant

for the use of SNe Ia in cosmology.
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Chapter 5

Could There Be a Hole in Type Ia

Supernovae?

5.1 Introduction

Having discussed in Chapter 4 the geometry of the high velocity material in SNe Ia,
we turn now to the shape of the bulk of the ejecta. We know that in SN 2001el and
several other SNe Ia, the ejecta obeyed a nearly axial symmetry, as the polarization angle
was fairly constant over the entire spectral range. Previous attempts at modeling the
spectropolarimetry have been confined to ellipsoidal geometries (Jeffrey, 1991; Hoflich, 1991;
Wang et al., 1997; Howell et al., 2001). This shape might arise, for example, if the progenitor
white dwarf was rapidly rotating.

Another potential cause of asymmetry in SNe Ia is the binary nature of the progen-
itor system. In the favored progenitor scenario (the single-degenerate scenario; see Branch
et al. (1995) and references therein), SNe Ia arise from a white dwarf accreting material
from a non-degenerate companion star. The companion may be either a main-sequence star,
a red-giant, or a subgiant; as it is close enough to be in Roche-lobe overflow, it subtends a

substantial solid angle from the perspective of the white dwarf. The supernova explosion
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occurs when the white dwarf has accreted enough matter that the densities and tempera-
tures at the center are sufficient to ignite carbon, just below the Chandrasekhar limit. The
ejected supernova material moves at a few percent of the speed of light and soon after the
explosion (from minutes to hours) engulfs the companion star. In the impact it would not
be surprising if a substantial asymmetry were imprinted on the supernova ejecta.

The ejecta-companion interaction has been studied with two-dimensional hydro-
dynamical models by Fryxell & Arnett (1981), Livne et al. (1992), and most recently and
extensively by Marietta et al. (2000). These studies were primarily concerned with the
fate of the companion star, in particular how much hydrogen gets stripped from its outer
envelope. Stripped hydrogen may appear as narrow Balmer emission lines in the supernova
spectrum, which if observed might provide direct evidence of a binary progenitor system.
With the advance of spectropolarimetric observations, however, the nature of SN Ia as-
phericity becomes another relevant test of the single-degenerate progenitor scenario. In
their hydrodynamical models, Marietta et al. (2000) find that the impact with the compan-
ion star carves out a conical hole in the supernova ejecta. The opening angle of the hole is
30°-40°, and because the ejecta are moving supersonically, the authors claim that the hole
does not close with time. The final configuration is axially symmetric, as was seen in the
polarization observations of SN 2001el.

In this chapter we use radiative transfer calculations to address the possibility
of SNe Ia having an ejecta hole asymmetry. We calculate the variation of the spectrum,
luminosity, and polarization with viewing angle for the aspherical supernova near maximum
light. In contrast to the ellipsoidal models, the angular variations in an ejecta-hole geometry
can be rather extreme, especially when one looks near the hole itself. These variations would
necessarily introduce some diversity into the observed properties of SNe Ia. The question
is, exactly what sort of diversity arises in the ejecta-hole geometry, and does this fit in with
the diversity already known to exist in SNe Ia?

While SNe Ia are considered to be a rather homogeneous class of objects, they do
show some variety in their spectral and photometric properties. The observed peak magni-

tudes of SNe Ia vary by ~ 0.4 mag, and the luminosity is found to correlate with the width
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of the light curve (Phillips, 1993). The spectra of SNe Ia can be classified as either normal
or peculiar (Branch et al., 1993). The peculiar spectra have feature strengths at maximum
light that differ from “normal” cases (such as SN 1981B), and are usually subdivided into
two classes: SN 1991bg-like supernovae have a broad Ti II absorption trough not seen in
the normal SNe Ia (Filippenko et al., 1992a); SN 1991T-like supernovae have weak or ab-
sent features from singly ionized species but noticeable Fe III lines (Filippenko et al., 1992b;
Phillips et al., 1992; Jeffery et al., 1992). Not all supernovae fit cleanly into the classification
scheme. In its pre-maximum spectra, SN 1999aa resembled SN 1991T, but by maximum
light it had begun to look much more normal, with Si IT and Ca II lines that were stronger
than in SN 1991T but weaker than in normal SNe Ia(Li et al., 2001b). As such, SN 1999aa
is considered by some to be an intermediate link between the normal and the SN 1991T-
like SNe Ta. Other observations have uncovered singular objects like SN 2000cx (Li et al.,
2001a) and SN 2002cx (Li et al., 2003), that while resembling SN 1991T in some ways (weak
Si I1, strong Fe IIT lines) showed other peculiarities that were unique. Additional spectral
diversities include the abnormally high photospheric velocities of SN 1984A (Branch, 1987)
and the detached, high velocity features seen in several supernovae (Hatano et al., 1999;
Wang et al., 2003a; Thomas et al., 2004). The diversity of SNe Ia is thus multi-faceted, a

point we return to in the conclusion.

5.2 The Ejecta-Hole Model

The ejecta model used in the calculations is based on the spherical W7 explosion
model (Nomoto et al., 1984), which has often been used in spherical radiative transfer
calculations to model the spectra of normal SNe Ta (Lentz et al., 2001; Jeffery et al., 1992;
Nugent et al., 1997). The composition structure of W7 consists of an inner **Ni zone (3000 <
v < 9000 km s~ '), a middle zone of intermediate-mass elements (9000 km s~ '< v < 15,000
km s~ '), and an outer unburned region of carbon-oxygen rich material (v > 15,000 km s ).
In our calculations we found it necessary to make one adjustment to the compositions: to

reproduce the depth and width of the Ca II H&K feature in a normal SN Ia, we needed to
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Figure 5.1 Density structure of the ejecta-hole model near maximum light (20 days after

explosion).

increase the calcium abundance by a factor of 10 in the outer C-O region. The difficulty W7
has in fitting the Ca II H&K feature has already been noted by Lentz et al. (2001) in the
context of detailed NLTE models. The lack of burned material above 15,000 km s~ ' may
indicate a weakness of the parameterized deflagration explosion model used.

To introduce an ejecta hole into the spherical model, we describe the density

structure by an analytic function that in the radial direction well reproduces W7:

p(v,0) = pgexp(—v/ve)F(0), (5.1)

where v, = 2,500 km s~ ! and pg is set by the condition that the total mass of the ejecta
equals a Chandrasekhar mass. F'(f) is an angular density variation function which would
equal unity in a spherical model. For the ejecta-hole model, we use a constructed function
which resembles the structure seen in the interaction models of Marietta et al. (2000). The
conical hole has a half opening angle of 8y = 40° and the density in the hole is a factor

fm = 0.05 less than in the surrounding material. The material that is displaced from the
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hole gets piled up into a density peak just outside the hole edge, with angular size 6p = 20°.

The function invented to reproduce these features is

PO =+ (0 ) (1 ) (14 4¢G5 (52)
with
v 1MHN (5.3)

where 4 = cos and n = 8. The constant A is set by the condition that the mass within
a shell is equal to that in the spherical model (i.e., the integral of F(6) over solid angle is
equal to 4m). The density structure is shown in Figure 5.1.

This analytic function does not capture all the complexity present in a hydrody-
namical model; for example, Marietta et al. (2000) point out that the opening angle of the
hole is slightly smaller at high velocities than at low velocities (~ 30° — 35° as opposed
to 40°). Of course, the benefit of using a simple analytic function is that it isolates the
essential geometrical consequences of a hole asymmetry; in addition, it allows us to test in a
parameterized way how varying the ejecta-hole structure affects the observable signatures.
Once the general ideas are understood, one can perform more specific calculations using
hydrodynamical models spanning a wide range of initial progenitor conditions.

In the ejecta/companion interaction, as much as 0.1-0.5 Mg of hydrogen rich
material can be stripped and ejected from the companion star (Wheeler et al., 1975; Marietta
et al., 2000). This material is not included in our calculations. The vast majority of the
stripped material has low velocity (v < 1000 km s™!) and sits at the center of the ejecta,
where it will not affect the spectrum or polarization near maximum light. A small amount of
stripped material may be ejected at high velocities, and could be related to the high-velocity

spectral features discussed in Chapter 4.

5.3 Results

We have computed the gamma-ray deposition, optical spectrum, relative lumi-

nosity, and polarization of the ejecta-hole model near maximum light (20 days after the
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explosion) as a function of the viewing angle 6. The models were calculated on a 2-D Carte-
sian grid of 10* cells using the Monte-Carlo code described in § 3. Because the current code
is not time-dependent, we leave for future work the effect of the asymmetry on the light
curve. For the maximum light model, the total luminosity used is L = 1.4 x 10*? ergs and

the emission temperature Ty, = 11,000 K. We discuss the various results in turn.

5.3.1 Gamma-Ray Deposition

In the W7 explosion models, ~ 0.6M. of radioactive °Ni is synthesized and
will power the supernova luminosity. The majority of the decay energy from °°Ni and
its daughter °®Co is released as gamma rays, which deposit their energy in the supernova
ejecta primarily through Compton scattering. It takes only a few Compton scatterings
for a gamma-ray to give up the majority of its energy to fast electrons, which are in turn
assumed to be thermalized locally. We compute the gamma-ray energy deposition with a
MC transfer routine that includes Compton and photo-electric opacities and also produces
gamma-ray spectra.

In a spherical SN Ia model, the gamma-ray trapping is very effective at maximum
light. In the inner °’Ni zone, the mean free path to Compton scattering is only ~300
km s ' and so gamma-rays deposit energy nearly coincident to where they are created;
only about 4% of the gamma-ray energy escapes the atmosphere. Inside an ejecta hole, on
the other hand, the mean free path is 20 times greater due to the lower density. gamma-rays
generated in the hole can therefore escape the atmosphere, at least those that are emitted
in the outward direction. This energy loss is not very significant, however, as the hole is
largely evacuated and contains less then 1% of the total 5Ni mass. The material that has
been displaced from the hole (containing ~11% of the total *®Ni mass) is piled up around
the hole edges, where the density is high, and the gamma-ray trapping is even more efficient
than in a spherical model. Thus we find the perhaps unexpected result that the ejecta hole
actually slightly enhances the gamma-ray trapping at maximum light, from 96% to 97%.

Using “Arnett’s law” as a rough rule of thumb (Arnett, 1982), the luminosity
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of a SN Ia at maximum light should be comparable to the instantaneous rate of energy
deposition. One therefore expects that in the ejecta-hole model the total luminosity at
peak will be close to (perhaps slightly greater than) a spherical model. In other words,
although the aspherical supernova will appear significantly dimmer or brighter depending
upon the viewing angle (as we will see in § 5.3.4), the specific luminosity integrated over
all viewing angles will not be entirely different from the spherical case. However, time-
dependent calculations are needed to properly address this question, and so we leave it for

future work.

5.3.2 The P-Cygni Profile

Line opacity in a spherical, expanding SN atmosphere gives rise to the well known
P-Cygni profile i.e., a blueshifted absorption trough with a redshifted emission peak. An
ejecta-hole asymmetry dramatically alters the line profile from some lines of sight, as shown
in Figure 5.2. The major effects are readily apparent: in the typical P-Cygni formation,
material in front of the photosphere obscures the light below and gives rise to the blueshifted
absorption feature. When one looks down the ejecta hole (6 < 6p), the density of this
obscuring material is much lower and the line absorption features are thus much weaker.
There is little change, however, in the redshifted emission component. Thomas et al. (2002)
have pointed out that asymmetries have the most dramatic effect on absorption features,
as the absorption depth is related directly to how much of the photosphere is covered by
line opacity.

As one looks away from the hole, the line absorption depth increases rapidly, until
for > 0y the depth is equal to that of the spherical model. For side-on views (6 ~ 90°),
the hole is in the emission region because some emitting material is then lacking one
expects the P-Cygni emission feature to be depressed near the line wavelength center. The
missing material, however, amounts to only 11% of the total emitting area, so the effect is
hardly noticeable. For 6 > 6y, the line profile changes very little with viewing angle.

The minima of the absorption features are also less blueshifted when viewed down
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Figure 5.2 Flux profile of the Si IT 6150 line (at maximum light) from various viewing angles
(the view down the hole is the top-most spectrum). When viewed down the hole (6 = 0°)
the absorption trough is weaker and has a lower velocity by ~ 2,500 km s~ '. Silicon is the

only species included in this calculation.

the hole, by about 2000-3000 km s~ . This is because the hole allows one to see relatively
deeper into the ejecta. In a spherical model, P-Cygni features are formed primarily by
material at or above the supernova photosphere, while layers below will not be visible until
the expanding supernova thins out and the photosphere recedes. For views down the ejecta
hole, however, the electron scattering photosphere has an odd shape, resembling the conical
hole of Figure 5.1. As radiation streams radially out of the hole, absorption features are
caused by relatively deeper layers of ejecta. This deeper material will tend to be hotter,
more ionized and perhaps of a different composition than the material in the outer layers.
One therefore expects that the features of more highly ionized species will be relatively more
prominent when the supernova is viewed down the hole. The exact line strengths depend,

of course, upon the temperature and ionization structure in the 2-D atmosphere, which are
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Figure 5.3 Spectrum of the ejecta-hole model near maximum light from various viewing
angles (the view down the hole is the top-most spectrum). Some important line features

are highlighted.

calculated self-consistently in LTE in our models.

5.3.3 Spectrum Near Maximum Light

In sum, the spectrum in the ejecta-hole model will look the same as in a spherical
model for all lines of sight except when one looks almost directly down the hole (6 < 0). In
the latter case, one sees a peculiar spectrum characterized by more highly ionized species,
weaker absorption features, and lower absorption velocities. We show the variation of the
maximum light spectrum with viewing angle in Figure 5.3. Notice in particular the dramatic
effect the hole has on the Si IT and Ca II features, the iron blend near 5000 A, and the UV
region of the spectrum (A < 3500 A).
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Figure 5.4 The maximum light spectra of the ejecta-hole model (thick red lines) from two
different viewing angles are compared to two observed SNe Ia (thin black lines). Bottom:
the view from the side (f = 90°) compared to the normal SN 1981B. Top: the view down
the hole (f = 0°) compared to the peculiar SN 1991T.

Figure 5.4 compares the model spectra to two well-known SNe Ta. The view away
from the hole (6 = 90°) resembles the normal Type Ia SN 1981B. The model reproduces
most of the major spectral features, although there are a few discrepancies. The most
obvious is that the flux peak near 3500 A is much too large in the model. Because the
opacity at this wavelength is largely due to Co II lines, models which mix some *°Ni out to
higher velocities can suppress the peak (Branch et al., 1985; Jeffery et al., 1992). The poor
match is also likely in part due to the approximate treatment of wavelength redistribution
in our calculations (a constant e = 0.05, two-level atom).

The spectrum down the hole (§ = 0°) is clearly very different from a normal SN Ia.
We compare it to the peculiar SN 1991T, which it resembles in the following ways: (1) the

Si IT absorption near 6150 A is weak and has an unusually low velocity (v ~ 10,000 km s~ !);
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in addition, the Si II absorption at 4000 A is absent. (2) The Ca II H&K feature is weak
and shows a “split” into two lines (due to Ca IT H&K and Si IT A3858; Nugent et al. (1997));
in addition, the Ca II IR triplet absorption is absent. (3) In the iron blend near 5000 A,
the broad Fe II absorption is weak while the sharper Fe III feature to the red is prominent.
(4) The ultraviolet portion of the spectrum (2500 A< A < 3500 A) is much brighter down
the hole, due to the decreased line blocking.

For now, the comparison of Figure 5.4 is meant only to illustrate that the spectrum
emanating from the hole would be categorized as having so-called SN 1991T-like peculiar-
ities. What connection, if any, the hole asymmetry may have to SN 1991T itself will be
discussed further in the conclusions. Note that there are also apparent differences between
SN 1991T and the model, among them: (1) The S IT “W-feature” near 5500 A is weak but
visible in the model, whereas no clear feature is seen in SN 1991T; (2) The model has too
much emission in the SiII 6150 and Ca II IR triplet features. (3) The velocities of the Fe I11
lines are too low in the model, by about 2000 km s~!. The Fe III lines are forming just at
the edge of the exposed iron/nickel core, so an explosion model that had a slightly larger
%Ni zone than W7 might provide a better match to SN 1991T.

As can be seen in Figure 5.3, the spectrum changes continuously from peculiar
to normal as the viewing angle is increased from zero. Some degree of peculiarity is seen
for 8 < 0y, but the farther the viewing angle is from 0°, the less intense the peculiarities.
For a viewing angle of 0y = 30°, for instance, the depths of the Si II and Ca II features
are about half that of the normal case, and the iron blend near 5000 A is dominated by
Fe II rather than Fe III. One might rather compare the model from this viewing angle to
SN 1999aa, which near maximum light was in many ways intermediate between SN 1991T
and a normal SN Ia.

We have also experimented with varying the density structure of the ejecta hole.
As can be expected, increasing the density in the hole or decreasing the hole opening
angle tames the asymmetry and produces spectra with less intense peculiarities. A slight
modification of these parameters (e.g., decreasing 0 to 35° or doubling fz to 0.1) has little

effect on the flux spectra. However, if the hole opening angle is reduced below 0y < 20°
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Figure 5.5 Variation with viewing angle of the B, V, R and I-band magnitudes of the
ejecta-hole model near maximum light. The magnitudes are plotted relative to the mean

magnitude averaged over all viewing angles. The inset shows the variation of the B-V color.

or the relative density in the hole increased above fy 2 0.3, the spectral peculiarities
begin to disappear and the spectrum shows very little variation with viewing angle. In the
hydrodynamical models of Marietta et al. (2000), the hole opening angle is 40° in the low-
velocity layers, and 30° — 35° in the outer high-velocity layers, depending upon the nature
of the companion star. The hole used in Figures 5.3 and 5.4 (A = 40° in all layers) thus

represents the extreme end of what one might expect from their calculations.

5.3.4 Peak Magnitudes

In the ejecta-hole model, the observed luminosity depends upon the viewing angle
(Figure 5.5). When viewed down the hole, the supernova is brighter by up to 0.25 mag in
B. This is because photons more readily escape out of the hole due to the lower opacities.
On the other hand, the supernova is dimmer than average when viewed from the side

(0 = 90°) because from this angle the supernova is lacking a “wedge” of scattering material
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(see Figure 5.8a). Radiation that would normally have been scattered into the 90° view
now flows straight out the hole and goes into making the view down the hole brighter.

It is widely believed that observed SN 1991T-like supernovae are in general overlu-
minous, although the degree and regularity of this overluminosity can be questioned (Saha
et al., 2001). While Figure 5.5 suggests a similar relationship, keep in mind that the total
luminosity is a fixed parameter in this calculation the figure only shows how this fixed
luminosity gets distributed among the various viewing angles. In general, one expects the
total luminosity to depend predominately on the amount of ®Ni synthesized in the explo-
sion, which will vary from supernova to supernova. If a certain SN Ia has a very small 55Ni
mass, for example, then although the view down the hole is the brightest of all possible
viewing angles, the supernova would still appear underluminous compared to a SN Ia with
normal %5Ni production.

The total dispersion about the mean in the ejecta hole model is ~ 0.1 mag in V
and R, and somewhat larger in B (~ 0.2 mag) as a result of the B-band’s greater sensitivity
to line opacity. The observed dispersion in SN Ia peak magnitudes is around 0.4 mag in the
B-band, and the brightness is found to correlate with the width of the light curve (Phillips,
1993). These variations are believed to be largely the result of varying amounts of *Ni
synthesized in the explosion. After correction for the width-luminosity relation and dust
extinction (using the B-V color), the observed dispersion is reduced to ~ 0.15 — 0.2 mag
(Riess et al., 1995, 1996; Hamuy et al., 1996). Some of this so-called intrinsic dispersion is
likely due to an asymmetry of some sort; Figure 5.5 suggests that in the particular case of
an ejecta-hole geometry, the asymmetry may in fact be the dominant effect. Note, however,
that in the model the B-V color roughly correlates with peak magnitude thus correcting
for dust extinction with a B-V color will tend to correct for the asymmetry also. The
angular variation of the luminosity is also sensitive to the details of the hole structure —
decreasing the hole size to 0y = 30°, for example, decreases the B-band dispersion to ~0.1

mag.
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Figure 5.6 Continuum polarization of the ejecta-hole model near maximum light as a func-
tion of viewing angle. The solid line is the model used throughout the chapter, while the
dashed and dotted lines are models where the hole opening angle has been reduced to 30°

and 20°, respectively. The density of the hole is fg = 0.05 in all cases.

5.3.5 Continuum Polarization

The polarization is the most direct indication of asymmetry in the ejecta. Because
a spherically symmetric atmosphere has no preferred direction, the polarization integrated
over the projected supernova surface must cancel. In an axially symmetric geometry, the
net polarization can be non-zero and will align either parallel or perpendicular to the axis
of symmetry. We use the convention that positive (negative) polarization designates a
polarization oriented parallel (perpendicular) to the axis of symmetry. SN 2001lel had a
well-defined polarization angle over most of the spectral features, which indicates that the
bulk of the ejecta obeyed a near axial symmetry (in addition, SN 2001el showed an unusual
high velocity Ca II IR triple feature with a distinct polarization angle, corresponding to
a detached “clump” of material that deviated from the dominant axis of symmetry, see
Chapter 4).

Light becomes polarized in supernova atmospheres due to electron scattering; other
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sources of opacity, such as bound-bound line transitions, are usually considered to be de-
polarizing. We define the continuum polarization as the polarization computed using only
electron scattering opacity this is most closely realized in the red end of a supernova spec-
trum (say, near 7000 A), where there is not much line opacity. However this may not be
the maximum polarization level in the spectrum, as line opacity may partially obscure the
underlying photosphere and lead to a less effective cancellation of the polarization in the
line features; see § 5.3.6 and Kasen et al. (2003b). Hoflich (1991) computes the continuum
polarization in ellipsoidal and other axially symmetric geometries.

Figure 5.6 shows the continuum polarization of the ejecta-hole model as a function
of viewing angle. When viewed directly down the hole (§ = 0°) the projection of the
supernova atmosphere is circularly symmetric and the polarization cancels. As the viewing
angle is inclined, the polarization increases, reaching a maximum when the supernova is
viewed nearly side-on (# =~ 90°). The origin of the non-zero polarization is clear from
Figure 5.8a. At inclinations near 90°, the hole removes a “wedge” of scatterers from the top
of the atmosphere, which decreases the horizontally polarized flux coming from this region.
The vertically polarized flux thus exceeds the horizontal; the net polarization is non-zero
and aligned with the symmetry axis of the system (positive according to our convention).

To determine the level of intrinsic continuum polarization in an observed super-
nova, one must wrestle with the issue of subtracting the interstellar polarization (Howell
et al., 2001; Leonard et al., 2000a). Once this is done, the observed levels are found to be
rather small: the polarization of SN 2001el near maximum light was ~0.3%; the polariza-
tion of the subluminous SN 1999by was ~ 0.7%. For several other SNe Ta, no polarization
signal was detected, but upper limits of 0.3-0.5% can be derived (Wang et al., 1996a,b).
In the ejecta-hole model, the continuum polarization can be as large as 0.8%, while the
polarization at the line features can be even larger (see next section). The hole asymmetry
therefore produces polarization levels in the right range, though perhaps generally too high
compared to the current published observations.

The polarization in the ejecta-hole model, however, is rather sensitive to the size

and density of the hole. To demonstrate this we have over-plotted in Figure 5.6 the con-
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Figure 5.7 Dependence of the continuum polarization on the ratio of the density in the hole
to that of the surrounding atmosphere. The solid black line is the model used throughout
the chapter (fy = 0.05), while the other lines show the effect of an increased relative density
in the hole.

tinuum polarization of a model with a smaller opening angle (fy = 30°). This tames the
asymmetry and decreases the continuum polarization by more than a factor of two. If the
hole size is decreased further to 6y < 20°, the continuum polarization level is uninter-
estingly small (< 0.1%) from all inclinations. Figure 5.7 shows that the polarization also
decreases as the relative density in the hole is increased, becoming uninterestingly small for
fm > 0.5. Thus the exact polarization level will depend upon the hole structure, which in
turn depends upon the details of the progenitor system and hydrodynamics. In general,
the more extreme the asymmetry of the hole (i.e., the larger and more evacuated it is), the
higher the average polarization level. A larger sample of SN Ia spectropolarimetry could
therefore put constraints on the size of a putative hole. Current observations may already
constrain the hole to have 0y < 40°.

One correlation to keep in mind is that the continuum polarization is always rela-

tively small (< 0.1%) for views near the hole where the spectrum looks peculiar. For views
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Figure 5.8 Schematic diagram which helps explain the polarization in the ejecta-hole model.
(a) When viewed from the side (0 ~ 90°) the top of the atmosphere is lacking a wedge of
scatterers. The vertically polarized flux thus exceeds the horizontal and the continuum
polarization is positive. (b) When viewed just off the hole axis (# ~ 20°), the line opacity
on the planar surface corresponding to a certain line of sight blueshift (shown in black)
only partially covers the photosphere. Because of the hole, horizontally polarized flux from
the top of the atmosphere is relatively unobscured by the line and will cause the negatively

polarized line peaks.

away from the hole, the continuum polarization may be either small or large. However, the
continuum polarization is not the whole story, and as we will see in the next section, the

polarization over the line features can be substantial even for 6 < 6.

5.3.6 Polarization Spectrum

The continuum polarization level actually provides very little information about
the nature of the ejecta asymmetry, as very different configurations can give the same
numerical value. Line features in the polarization spectrum, on the other hand, contain more

potential information about the specific geometry. We find that the ejecta-hole model has
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Figure 5.9 Flux and polarization profiles of a single unblended line in the ejecta-hole geom-
etry from various viewing angles. The polarization feature is a negative (i.e., horizontally

polarized) peak for (10° < # < 60°) and an inverted P-Cygni profile for (6 > 80°).

spectropolarimetric signatures that distinguish it from, for example, an ellipsoidal geometry.

The polarization spectrum in the ellipsoidal geometry has been studied in detail
(Jeffrey, 1989; Hoflich et al., 1996). In ellipsoidal models, the polarization level generally
increases from blue to red due to the greater amount of depolarizing line opacity in the
blue. Individual lines create “inverted P-Cygni” profiles in the polarization spectrum, i.e. a
blueshifted polarization peak with a redshifted depolarization trough. The blueshifted peak
is a result of the line opacity preferentially blocking the lowly polarized central photospheric
light, while the redshifted trough is the result of unpolarized line emission light diluting the
continuum polarization. The polarized line profiles look fairly similar from all viewing
angles.

The line polarization profile in the ejecta-hole model shows an interesting variation
with inclination (Figure 5.9). For views far enough away from the hole (6 = 80°), the
profile is an inverted P-Cygni, just as in an ellipsoidal model, and for essentially the same

reason. For views closer to the hole, however, the blueshifted line absorption gives rise to a
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large polarization peak (recall the negative sign indicates that the polarization direction is
perpendicular to the symmetry axis of the system). Figure 5.8b helps explain the origin of
the peak. From viewing angles near the hole axis, the projected electron scattering medium
is fairly symmetric and the continuum polarization integrated over the ejecta surface nearly
cancels. The line opacity, however, only partially obscures the underlying light. Because of
the hole, horizontally polarized flux from the top of the atmosphere is relatively unobscured,
whereas the vertically polarized light from the sides of the atmosphere is effectively screened
by the line. The polarization over the line therefore does not cancel, but will be large and
oriented perpendicular to the axis of symmetry (negative according to our convention).
Note that if the hole opening angle is narrowed to 8 = 30°, the line is even more effective in
screening off all but the horizontally polarized light. The line polarization peak is therefore
larger. Thus, while the continuum polarization decreases with decreasing hole size, the line
polarization from certain viewing angles will be relatively large (2 1.0%) regardless of how
big the hole is.

Figure 5.10 shows the entire ejecta-hole polarization spectrum from two lines of
sight. For a view near the hole (6 = 20°) the spectrum is “line peak-dominated” — the
continuum polarization is rather low, but large polarization peaks are associated with the
blueshifted line absorption features (in particular the Si II 6150 A feature and the Ca II
IR triplet). This spectrum is qualitatively different from what is expected in an ellipsoidal
geometry. For views away from the hole (§ = 90°), on the other hand, the polarization
spectrum would be very hard to distinguish from the ellipsoidal case. The level of polariza-
tion rises from blue to red and the line features due to Si II 6150 A feature and Ca II IR
triplet have the “inverted P-Cygni” profile. The shape of the polarization spectrum from
these angles resembles that of SN 2001el, although the polarization level is too high unless
6 2 110°, or unless the hole opening angle is reduced.

To discriminate between different geometries, a larger sample of polarization spec-
tra is needed. If the asymmetry in SNe la is an ejecta hole, we would expect to see some-
thing like a line-peak dominated polarization spectrum for 10° < 6 < 60°, or about 25%

of the time. Such a polarization spectrum has not been observed as yet, but the number
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Figure 5.10 Polarization spectrum of the ejecta-hole model near maximum light for two
viewing angles. We plot the absolute value of the polarization (solid lines), and for refer-
ence overlay the flux spectrum (dotted lines). The small-scale wiggles in the polarization
spectrum are Monte Carlo noise, which increases to the red due to the lower fluxes. Top: for
views away from the hole (here = 90°) the spectrum resembles that of an ellipsoidal geom-
etry with “inverted P-Cygni” line profiles. Bottom: for views nearer the hole (here § = 20°),
the spectrum is “peak-dominated” with a low continuum polarization but substantial line

peaks.

of published spectropolarimetric observations is still relatively small. Uncertainty in the
interstellar polarization may make it difficult to identify the peaks, for if the zero-point of
the intrinsic supernova polarization is unknown, it will be unclear whether features in the
polarization spectrum are peaks or troughs. Therefore multi-epoch spectropolarimetric ob-
servations are necessary to help pin down the interstellar component. Of course, observing
a line peak dominated polarization spectrum may not uniquely implicate an ejecta hole, as

large line peaks could potentially occur in other geometries so far unexplored.
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5.4 Conclusions

5.4.1 Asymmetry and Diversity in SNe Ia

Despite the seemingly extreme nature of an ejecta-hole asymmetry, we find that
the geometry is actually consistent with what is currently known about SNe Ia, at least
for the observables we have calculated. The variation of the peak magnitude with viewing
angle is ~ 0.2 mag in B, comparable to the intrinsic dispersion of SNe la, and the level
of polarization is in the range observed (0 — 0.8%). The spectrum of the supernova looks
peculiar when viewed near the hole, but this peculiarity may fit in with the spectral diversity
already known to exist among SNe la. In addition, the polarization spectrum from some
lines of sight is a qualitative match to that of SN 2001el.

An ejecta-hole asymmetry could therefore be one source of diversity in SNe Ia,
but of course not the only one. The primary source of diversity in SNe Ia is thought to
be due to variations in the amount of ®°Ni produced in the explosion. Because SNe Ia are
powered by the radioactive decay of **Ni and its daughter 56Co, different °Ni production
can explain the variety in SN Ia peak magnitudes. Greater **Ni masses may lead to higher
atmospheric temperatures and higher effective opacities, which may explain why brighter
SNe Ta have broader light curves (Hoflich et al., 1995; Pinto & Eastman, 2000a; Nugent
et al., 1997).

It has often been thought that the spectroscopic diversity of SNe Ia fits into the
same one-parameter *Ni sequence (Nugent et al., 1995). In this picture, SN 1991T-like
supernovae occupy the overluminous end of the sequence, where the larger 5°Ni mass leads
to higher envelope temperatures and a higher ionization fraction. This may explain their
peculiar spectral appearance (Mazzali et al., 1995; Jeffery et al., 1992). As the models
in this chapter show, there could be a second, physically very different route to the same
sort of spectral peculiarities one could be peering down an ejecta hole. In this case, a
high-temperature effect and a hole asymmetry may both be contributing to the sample of
SN 1991T-like supernovae. In the ejecta-hole model, the spectrum shows some level of

peculiarity for 8 < 6y or about 12% of the time, although the peculiarities will only be
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very intense for views more directly down the hole (0 < 05 /2 or ~ 3% of the time). The
observed rate of SN 1991T-like supernovae is ~ 3—5% in the samples of both Branch (2001)
and Li et al. (2001b); the rate of SN 1991T/SN 1999aa-like supernovae is 20% + 7% in the
Li et al. (2001b) sample. Therefore it is possible that a substantial percentage of these
peculiar supernovae could be the result of an ejecta-hole asymmetry.

In this chapter we have chosen to compare the spectra emanating from the hole
with SN 1991T only because it is the well-known prototype of a certain kind of spectral
peculiarity. Whether SN 1991T itself was the result of looking down an ejecta hole is
debatable. Initial estimates suggested that SN 1991T was as much as 0.7-0.8 magnitudes
brighter in B than normal, which is too much to be explained by the asymmetry alone
(Fisher et al., 1999). More recent Cepheid measurements of the distance to the host galaxy,
however, show that SN 1991T was not really much brighter than a normal SN Ta. Saha
et al. (2001) find a moderate overluminosity of 0.3 mag, although a value as high 0.6 mag
cannot be ruled out due to a large uncertainty in the dust extinction. This lower value for
the brightness of SN 1991T calls into question whether the peculiar spectral appearance
can still be explained alone by high envelope temperatures due to a larger ®°Ni mass.

SN 1991T also had a rather broad light curve (Amis= 0.95 £ 0.05 mag; Phillips
et al., 1999), which is often taken as an indication of a large °Ni mass. Because we have
not yet computed time-dependent models, we do not know exactly what effect an ejecta
hole asymmetry will have on the light curve. Because the hole acts as an energy leak,
it probably lowers the net diffusion time, and we expect that the integrated light curve
(i.e., that summed over all viewing angles) will be narrower in an ejecta-hole model than
a spherical model. But the real question relevant to SN 1991T is not how the integrated
light curve compares to a spherical model, but whether the light curve viewed down the
hole is broader or narrower than that from other viewing angles. In other words we need
to know how Figure 5.5 the distribution of the total luminosity among viewing angles
varies with time. This is more difficult to intuit, because as the ejecta thin out and the
asymmetry and opacities evolve with time, it is hard to say off-hand whether it will become

more or less easy for photons to preferentially escape out the hole. We leave the question
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for future work.

In any case, although the prototype SN 1991T did have a broad light curve, it
is not clear whether a general correlation between light curve width and SN 1991T-like
spectral peculiarities even exists (Howell, 2004). Several SNe Ia have similar or broader
light curves, and yet the spectrum is apparently normal — at least eight such supernovae
with Ami5< 1.0 are listed in Phillips et al. (1999), for example SN 1992bc (Amq5= 0.87
+ 0.05 mag) and SN 1994ae (Amis= 0.86 = 0.05 mag). SN 200lay also had a normal
spectrum but an exceptionally broad light curve (Amy5= 0.6-0.7 mag; Phillips et al., 2003).
Among the supernovae with SN 1991T-like spectral peculiarities, there also appears to be
diversity. SN 1997br had a moderately broad light curve (Am5= 1.00£0.15 mag; Li et al.,
1999), but the light curve of SN 2002cx was on the narrow side (Am5= 1.30£0.09 mag; Li
et al., 2003). In another SN 1991T-like supernova the B-band light curve was lopsided
— SN 2000cx brightened much faster than SN 1991T (resembling the rise of the normal
SN 1994D) but the decline was slow (Amis= 0.93 + 0.04 mag; Li et al., 2001a). The
examples make it clear that the connection between light-curve width and SN 19917T-like
spectral peculiarities remains vague, and that more than one parameter of diversity needs
to be identified.

The nebular spectra of SN 1991T may also suggest a large **Ni production. In the
late-time spectra, the iron emission lines of SN 1991T have larger velocity widths than in
most SNe Ia (Mazzali et al., 1998). Assuming the late time ionization/excitation conditions
are similar in all SNe Ia, this implies that the nickel/iron core in SN 19917 is larger than
normal. Confusing this conclusion, however, is the fact pointed out by Hatano et al. (2002)
that the Si IT velocities in the post-maximum spectra are among the lowest of all SNe Ia.
If SN 1991T really did have a large inner *°Ni zone, one naively expects the zone of silicon
and other intermediate mass elements to occur at especially high velocities (as for instance
in the delayed detonation models of Hoflich et al., 2002). To account for the low Si II
velocities, some have invoked a late-detonation model for SN 1991T, which produces a layer
of intermediate mass elements sandwiched between two nickel zones (Yamaoka et al., 1992;

Ruiz-Lapuente et al., 1992). Of course a lower Si II velocity is also naturally expected if
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one is looking down an ejecta hole.

It is possible that SN 1991T did have a relatively large ®°Ni mass, rather than (or
perhaps in addition to) being viewed down the ejecta hole. However, among other super-
novae with SN 1991T-like peculiarities there is a good deal of diversity, and the large *°Ni
mass explanation will not apply in all cases. The most obvious case in point is SN 2002cx
(Li et al., 2003). The spectrum of SN 2002cx resembled SN 1991T in that Si IT, S II, and
Ca II lines were weak, while Fe III was prominent, but the supernova was underluminous
by ~ 2 mag. The velocities of the absorption features were also unusually low (v = 7000
km s~ '; Branch, 2004). The singularity of the supernova led Li et al. (2003) to consider
alternative progenitor systems, although they conclude that no existing theoretical model
can explain all the peculiarities. On the other hand, there is also the possibility that we
are seeing multiple channels of diversity operating at once one scenario to entertain now
is that we are looking down the ejecta hole of a “weak” supernova that produced a small
mass of ®Ni. Such underluminous objects (e.g., SN 1991bg) typically have relatively low
absorption velocities (Turatto et al., 1996; Mazzali et al., 1997; Hatano et al., 2002) which
would be further reduced by looking down the hole. Despite the low luminosity, the spec-
trum might still appear hot and iron dominated if one is peering into the deeper layers,
and (eventually) into the iron core. Of course, the chance of seeing two distinct sources of
diversity operating at once would be, like SN 2002cx, a very rare occurrence.

Whatever the final explanation for SN 2002cx, its singularity highlights the fact
that the diversity of SNe Ia is more complicated than a one-parameter sequence based upon
%Ni. Because several observations require us to identify additional sources of variation, an

ejecta hole becomes as an intriguing possibility to consider.

5.4.2 Observational Consequences of an Ejecta Hole

The results of this chapter suggest a few observational signatures of the ejecta-hole
geometry. First, the continuum polarization should be low for views directly down the hole,

where the spectrum looks peculiar. However, because of the partial obscuration effect, the



127

polarization spectrum should show large line peaks for views just away from the hole (10° <
f < 60°), where the spectrum looks marginally peculiar or normal. For views from the side
(0 = 90°), a relatively high continuum polarization should be correlated with a slightly
dimmer supernova with normal spectral features and inverted P-Cygni line polarization
features. Another possible signature of the ejecta hole is “lopsided” P-Cygni flux profiles —
the view down the hole weakens only the absorption, not the emission feature, so one could
look for a weak (or absent) absorption associated with noticeable emission. The easiest
place to look would be in the Si IT 6150 A and the Ca IT IR triplet features of SN 1991T-like
supernova. Unfortunately the relative strength of absorption to emission depends also on
the line source function, which is determined by the detailed excitation conditions in the
atmosphere. In general, because we recognize that an ejecta-hole asymmetry is only one of
several possible sources of diversity in SNe Ia, it may be difficult to isolate the geometrical
effects from the other variations that may be operating. The only hope is to collect a large
sample of supernovae with well observed light curves, spectra, and polarization, so that one
might try to pull out the different trends.

In our calculations we have used a parameterized hole (half opening angle 40°) in
order to explore the essential observable consequences of the geometry. The next step is
to address the same questions using specific hydrodynamical models representing a wide
variety of progenitor configurations. The details of the progenitor system could potentially
affect the size and shape of the hole. Marietta et al. (2000) compute interactions using
main-sequence, subgiant, and red giant companions and note that the variation in the hole
asymmetry is not large. This is because in all cases the companion star is near enough to
have undergone Roche lobe overflow and always occupies a similar solid angle (the red giant
is farther away but physically larger than a main sequence companion which is smaller but
much closer). However, if the ratio of companion radius to separation distance is decreased
for some reason, the size of the hole also decreases. A larger sample of spectropolarimetric
observations will help determine if SNe Ia really do have an ejecta-hole geometry, and could
constrain the hole opening angle if one exists. While a hole smaller than 6 < 20° has only

minor effects on the spectrum, luminosity, and continuum polarization, it will still create
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substantial line peaks in the polarization spectrum when seen from some viewing angles.
If such signatures of the hole are not seen in future spectropolarimetric observations, this
would have interesting consequences for the progenitors of SNe Ia, or the hydrodynamics

of the ejecta/companion interaction.
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Chapter 6

The Narrow Iron Lines of the

Type Ic Supernova SN 1999as

6.1 Introduction

Type Ic supernovae (SNe Ic) are believed to be the core collapse explosions of
massive stars that have lost their outer hydrogen (and perhaps helium) envelope (Wheeler
& Harkness, 1990; Filippenko, 1997; Matheson et al., 2001). SN 19941 is often considered
the prototypical “normal” SN Ic¢ (Filippenko et al., 1995). Its spectrum showed prominent
features of singly ionized calcium, iron, and silicon, as well as neutral oxygen and sodium,
but no hydrogen. The Doppler shift of the spectral lines show that some material was
expanding at ~20000 km s ', and perhaps as fast as 30000 km s~ (Millard et al., 1999).
Models of the light curve and spectra of SN 19941 suggest an ejected mass of ~1-2 M, an
explosion energy of ~(1-2) x10%' ergs, and an ejected “°Ni mass of ~0.07 M (Iwamoto
et al., 1994; Woosley & Eastman, 1997; Baron et al., 1999).

The Type Ic SN 1998bw, associated with gamma-ray burst GRB 980425, differed
from the “normal” case in several ways (Galama et al., 1998; Mazzali et al., 2001). Its

optical luminosity was almost ten times that of SN 19941, and its light curve was signifi-



130

cantly broader. Its spectrum showed most of the same basic features as SN 19941, but the
lines were extremely broad and blended, indicating that some material was moving faster
than 40000 km s~ '. The high implied kinetic energy has prompted so-called “hypernova”
explosion models, where the explosion energy is ~ (2 — 5) x 10°2 ergs and the ejected °Ni
mass is ~ 0.5 My (Iwamoto et al., 1998; Woosley et al., 1999).

Several other SNe Ic have been discovered with spectra that closely resemble that of
SN 1998bw, and sometimes they are called “hypernovae” as well. While the high blueshifts
of their spectral features suggest large kinetic energy, the light curves of these supernovae
may or may not be extraordinary. For example, the light curve of SN 2002ap was only
marginally brighter and broader than that of SN 19941 (Gal-Yam et al., 2002; Foley et al.,
2003; Leonard et al., 2002; Mazzali et al., 2002). And, while the light curve of SN 1997ef was
very broad, the supernova peak luminosity was in fact dimmer than SN 19941 (Garnavich
et al., 1997; Hu et al., 1997; Iwamoto et al., 2000). In terms of their radio emission,
SN 1998bw was extremely bright, while the radio luminosity of SN 2002ap was ordinary
(Kulkarni et al., 1998; Berger et al., 2002).

To add to the already confusing diversity of SNe Ic, we turn here to a very unusual
supernova that has not been studied much to date. SN 1999as was discovered at redshift
z = 0.127 in the 1999 search campaign of the Supernova Cosmology Project (Knop et al.,
1999). The supernova was remarkable in several respects. First, with an absolute B-band
magnitude of Mp =~ —21, SN 1999as is the brightest SN Ic ever discovered, and over 6
times brighter than SN 1998bw. Second, the light curve (which was only observed in a
declining phase) follows a linear decay of ~ 0.045 mag/day, which is unusually slow for an
SN Ic. Finally, in striking contrast to the high expansion velocities observed in SN 1998bw,
SN 1999as showed no evidence of any material moving faster than 14000 km s~'. The
spectrum is rather distinguished by several narrow (~ 3000 km s~ !) Fe II absorption lines
blueshifted by ~ 11000 km s~ '.

Some discussions of the light curve of SN 1999as have already appeared (Deng
et al., 2001; Nomoto, 2003). In this chapter, we focus on what can be learned from the

spectra, and in particular the narrow Fe II lines. Perhaps surprisingly, we suggest that
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strong circumstellar interaction (CSI) may have played an important role in both powering
the light curve and in dramatically restructuring the outer layers of supernova ejecta. This
is despite the fact that over several epochs of observations, SN 1999as showed no trace of

the narrow emission lines which are generally the “smoking-gun” signature of CSI.

6.2 The Peculiar Type Ic supernova SN 1999as

SN 1999as was discovered on Feb. 18, 1999, and follow-up spectroscopic observa-
tions were taken on Mar 3, Mar 15, Apr 7, and Apr 23 (Knop et al., 1999; Goobar et al.,
1999). Spectra of the anonymous host galaxy give a redshift of 0.127 and suggest that
SN 1999as exploded in an active star forming region. Details on the observations and data

reduction will be given in Nugent et al. (2004).

6.2.1 The Light Curve of SN 1999as

SN 1999as was discovered on the decline. Unfortunately the most recent reference
images are over a year old, so the date of explosion is not well constrained. The discovery
point has mp = 18 mag. Using a distance modulus of 39 mag gives Mp = —21 mag,

1

0% ergs s~ L.

suggesting an intrinsic luminosity, uncorrected for extinction, of order 8 x 1

In Figure 6.1a, we show the B-band light curve of SN 1999as, along with a few other
supernovae. When compared to SN 1998bw, the decay of the light curve of SN 1999as is very
slow (about 0.045 mag/day in the B light curve, and even slower in V' and R). Moreover,
out to the last observation point (90 days after discovery) the luminosity is still steadily
declining, apparently never having turned over to a shallow *Co tail. In these respects, the
light curve of SN 1999as actually closely resembles the Type II linear supernovae (SNe IIL,
e.g., Young & Branch, 1989).

A linearly declining light curve is also typically of Type IIn supernovae (SNe IIn),
believed to be supernovae interacting strongly with a dense circumstellar medium. Among
the SNe IIn, the rate of decline varies significantly: SN 1984E (Henry & Branch, 1987) and
SN 1998S (Li et al., 1998; Liu et al., 2000; Fassia et al., 2000) followed a decline rate very
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Figure 6.1 The light curve of SN 1999as. (a): B-band light curve of SN 1999as compared to
SN 1998bw (Galama et al., 1998; McKenzie & Schaefer, 1999) and the Type IIn SN 1997cy
(Germany et al., 2000). All light curves have been normalized at peak. (b): The B, V, and
R light curve of SN 1999as (circles with error bars) compared to the light curve of SN 19985
(solid lines, from Liu et al., 2000). The same offset of 5.3 mag has been added to all of the
SN 1998S light curves.
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Figure 6.2 The spectrum of SN 1999as 25 days after discovery compared to SN 1998bw and
SN 19941 (Filippenko et al., 1995).

similar to a typical SNe I1L, while the decline rates of SN 1997cy (Germany et al., 2000)
and SN 1999E (Rigon et al., 2003) were much slower. In Figure 6.1b we show that the light
curve shape and color evolution of SN 1998S and SN 1999as were remarkably similar. With
an intrinsic luminosity of Mp ~ —18.8 mag (uncorrected for extinction, Leonard et al.,
2000a), SN 1998S was also an exceptionally bright core collapse supernova, although still
roughly two mag fainter than SN 1999as.

6.2.2 The Spectrum of SN 1999as

Figure 6.2 shows the SN 1999as spectrum on March 15 (25 days after discovery)
compared to SN 19941 and SN 1998bw. No obvious hydrogen or helium features are visible
in SN 1999as, and in general the spectrum resembles that of SN 1994I, securing a SN Ic
classification. Particular to SN 1999as, however, are the numerous narrow Fe I absorption

features in the region 4000-5500 A. The most prominent of these are the three minima
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Figure 6.3 Schematic diagram showing the formation of narrow absorption lines. The width
of the absorption line measures the observer line of sight velocities over which the photo-
sphere is obscured. Thus, even if the line opacity is confined to a thin shell, the absorption
feature will still be broad (left) unless the shell is significantly detached from the photosphere
(right).

at 4745 A, 4830 A, and 4983 A, due to a blueshifted Fe II triplet (AAA4923, 5018, 5169).
Several additional narrow Fe II lines can be identified, and there also appear to be a few
narrow Ti II absorptions.

The relatively high blueshift of the narrow Fe II lines (v,; ~ 11000 km s~ ') in-
dicates that they are formed in the supernova ejecta, and not in interstellar material or a
circumstellar wind. The narrow line width (Av = 3000 km s~ ') further suggests that these
ejecta have a shell-like structure, with well-defined inner and outer boundaries. However, as

Figure 6.3 shows, such a shell does not lead to narrow absorption features unless the shell
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Figure 6.4 Time series of spectra of SN 1999as.

is significantly detached from the supernova photosphere. From the geometry of the figure
(and assuming homologous expansion) it is clear that a thin shell of velocity thickness v
and velocity radius v, obscures the photosphere for an observer line of sight velocity range

given by

v

2
Avgps = 00 + vy [1 — /1= T"l] (6.1)

Vo
where vy, is the velocity of the photosphere. To reproduce the width of the narrow Fe II
triplet lines in SN 1999as, one needs a detached shell with v,; 2 1.4v,,. Because line blend-
ing will affect this simple conclusion, we explore the narrow line formation with radiative
transfer calculations in §6.5.

Other features in the SN 1999as spectrum are of normal width, and can be iden-
tified as the usual features due to Ca II, Si II, and O I. In no feature, however, does the
blue edge of the absorption exceed vy.,=14000 km s~ '. This property is especially strik-
ing in the Ca IT H&K absorption near 3800 A, which in SN 19941, SN 1987M, and most
other Type Ic supernovae exceeds 20,000 km s~ ! (Filippenko, 1992; Filippenko et al., 1995;
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Matheson et al., 2001). The utter lack of line absorption above v,ax holds for all epochs
of observation of SN 1999as. As Figure 6.4 shows, the spectral evolution is remarkably
slow, such that over a period of 40 days there is hardly any change in the depth or Doppler
shifts of any of the features. In addition, the Si Il and O I features show rather sharp blue
edges; one therefore suspects that the density structure of SN 1999as cuts off suddenly for
U > Umax,

In terms of the implied kinetic energy of its ejecta, SN 1999as ranks below SN 19941
and is on the opposite end of the gamut from SN 1998bw. One might therefore conclude
that this was a relatively weak SN Ic explosion that failed to ejecta any material above
Umax- 1he fact that SN 1999as was also the brightest and broadest SN Ic, requires us to

reconsider this supernova in a very different context.

6.3 Hypernova Explosion Models

One can attempt to explain the light curve SN 1999as in the usual way for Type I
supernovae, as powered by %6Ni synthesized in the explosion. Following Arnett (1982), the
luminosity at the light curve peak L, is roughly equal to the instantaneous rate of energy

deposition from °°Ni, giving the approximate expression

Ly - ) (6.2)

Mpy; = 0.38 M (m
Under the minimal assumption that the discovery of SN 1999as coincided with the light
curve peak, the observed luminosity L, 2 8 x 10%? ergs s~ ! implies a ®Ni mass greater than
3 Mg. This is over six times that of SN 1998bw, and thirty times the normal core collapse
amount.

The slow, steady decline of the SN 1999as light curve also implies a large total

ejected mass. In a diffusion scenario, the time of the peak should scale as

ty ~ \/EMSH/‘lEml/‘*. (6.3)
With a “peak” extending to at least day 90, the implied ejected mass for SN 1999as is of
order 10-20 M.
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It is clear that in a °®Ni-powered scenario, SN 1999as represents a hypernova
explosion of unprecedented power. Deng et al. (2001) were able to fit the light curve using
a model with Myi= 4 Mg, Mg,= 10-20 M), and Eg,= (30-100) x10°" ergs. The progenitor
of this explosion was presumably the carbon-oxygen core of a very massive (> 60 M) star,
and the collapse almost certainly resulted in black-hole formation.

It is hard to reconcile these enormous energy estimates with the unusually low
velocities observed in the SN 1999as spectra. In general, the density structure of core-
collapse supernovae is flat in the inner layers, and follows a power law in the outer layers

(Chevalier & Fransson, 1994):

3(n—3)[3(n—3) 2(n=3) —L(n—5) L(n-3)
p(v.t) = k= o

My,2 2 37", 6.4
5(n — 5) i | Y (6.4)

For a typical value n = 7, the density at a velocity v scales like p o M ' E2 . Thus, in the

4mn

hypernova models of Deng et al. (2001), the line blueshifts are expected to be much higher
than normal. Figure 6.5 shows the calculated spectra of such a hypernova model 50 days
after explosion. The photosphere of this model occurs at 20000 km s~ !, and all the line
features are too broad. The narrow Fe II lines of SN 1999as are also not reproduced by the
model, and in general the synthetic spectrum, not surprisingly, more closely resembles the
spectrum of SN 1998bw.

Given the scaling p oc M_,' E2

sno?

it may be possible to get a better fit to SN 1999as
using a hypernova model with much higher Mg, but lower FEg,. It is not clear, however, how
this situation might come about — if the explosion is powered by accretion onto a black hole,
a more massive progenitor is expected to give higher explosion energies (Nomoto, 2003).
Moreover, if we increase Mg, while keeping Fg, fixed, the light curve rise-time lengthens,
so that the already improbably high Ni mass would have to be increased even further.
We should also mention that normal energy explosion models like those used for
SN 19941 will not work for SN 1999as. Besides obviously failing to reproduce the luminosity
of SN 1999as, these models cannot explain the slow spectral evolution. By the time the
later spectra were taken (day 55 after explosion, presumably ~65 days after explosion in a

low-mass model) the photosphere should have completely receded, and the spectra would
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Figure 6.5 Synthetic spectrum of a “hypernova” model (thin line) compared to the March
15 SN 1999as spectrum. The model consists of carbon-oxygen rich material with a density
structure given by Equation 6.4 with n = 7. The time since explosion is 50 days and the

luminosity 4x10*3 ergs s~'. The fit is very poor.

have transitioned into the nebular phase. Another problem is that these models predict a

Ca IT H&K blueshift that well exceeds 14000 km s~' (Baron et al., 1999).

6.4 Circumstellar Interaction Effects

Given the difficulty hypernova models have explaining the spectra of SN 1999as,
we turn now to the possible effects of circumstellar interaction (CSI). The progenitors of
core collapse supernovae experience heavy mass loss in their late stages of evolution, such
that the vicinity around a supernova may consist of high density circumstellar material
(CSM). The result of the supernova ejecta interacting with the CSM is a double-shock

structure, with a forward shock propagating into the circumstellar material, and a second
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reverse shock propagating back into the supernova ejecta (Chevalier, 1982). Two relatively
thin shells are formed: an inner shell of decelerated supernova ejecta, and an outer shell
of swept-up CSM. If the shells are adiabatic, they will be hot (7' =~ 107 K for the inner
shell and ~ 10° K in the outer) but they may cool radiatively or by expansion. When
bremsstrahlung emission dominates, the radiation will be mostly in X-rays, which may be
absorbed in the ejecta/CSM, thermalized and reprocessed into optical radiation.

There are several reasons to consider the possibility that SN 1999as experienced
strong circumstellar interaction. First, because CSI converts the kinetic energy of the ejecta
into radiation, extreme optical luminosities may result the Type IIn supernovae SN 1997cy,
SN 1999E, and SN 1998S were all more than 10 times brighter than average core collapse
supernovae (Germany et al., 2000; Rigon et al., 2003; Fassia et al., 2001). Second, as we
have already mentioned, the linear light curve and colors of SN 1999as closely resemble the
Type IIn SN 1998S (Figure 6.1). Third, the swept-up CSM should decelerate the highest
velocity ejecta, which provides a natural means of cutting off the expansion at vyax= 14000
km s~ '. Finally, the interaction can lead to the formation of a thin, detached shell, which
as we discussed in §6.2.2, may explain the narrow Fe II features in SN 1999as.

While the above reasons are very suggestive, the spectrum of SN 1999as lacks the
“smoking-gun” signature of strong CSI. Usually, the interaction is evidenced by narrow
emission lines from the hydrogen Balmer series (e.g., Filippenko, 1997), hence the spectral
classification of Type IIn (“n” for narrow, Schlegel, 1990). These emission lines are centered
on the line rest wavelength, and typically had both a narrow (width ~100-200 km sfl) and
an intermediate (~1000-2000 km s~ 1) component. The lines are believed to come from the
recombination of the photo-ionized and shocked hydrogen-rich CSM. Sometimes narrow
emission lines from helium, carbon, nitrogen and other elements are also observed. In most
cases, the ordinary supernova P-Cygni features are not seen, or at least are very weak.

No strong narrow emission lines were observed in SN 1999as; but this does not
necessarily close the door on a CSI interpretation. Once again, SN 1998S provides the point
of reference. The early spectra of SN 1998S showed strong hydrogen emission lines on a

nearly featureless, blackbody continuum (Leonard et al., 2000a; Fassia et al., 2001). After
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about two weeks, however, the narrow emission almost completely disappeared, and broad
(but weak) supernova P-Cygni profiles began to be visible. In fact, Leonard et al. (2000a)
remark on the similarity of the spectrum at this time to that of a SN Ic. A similar vanishing
act occurred in the Type IIn SN 1984E (Henry & Branch, 1987).

In the consensus interpretation of Henry & Branch (1987), Fassia et al. (2001),
Leonard et al. (2000a), and Chugai (2001), both SN 1984E and SN 1998S emitted a strong
“super-wind” just 10-100 years before the explosion, creating a very dense CSM within
~100 AU of the progenitor. Strong CSI occurred during the first few weeks of expansion,
but after a few weeks the supernova ejecta had completely overrun the densest CSM. We
might suspect that a similar thing happened in SN 1999as, and that no emission lines were
seen because the dense CSM had been overrun before our earliest spectroscopic observation,
15 days after discovery.

One additional factor to consider in the case of SN 1999as is that the CSM may
have been composed of helium rich material. The progenitors of SNe Ic are believed to expel
their helium envelopes subsequent to expelling their hydrogen envelopes thus the dense
material immediately surrounding SN 1999as may have been composed primarily of helium,
with little or no hydrogen. Interaction with a pure helium CSM was apparently observed
in the Type Ic SN 1999cq, which showed narrow He I emission without any hydrogen line
emission (Matheson et al., 2000). This supernova, incidentally, was also rather luminous,
having an unfiltered magnitude of roughly -19.6 (with, however, a large uncertainty). No
narrow helium emission was observed in SN 1999as, which may suggest again that the
densest CSM had already been overrun by the time of the observations. In addition, because
of the high ionization/excitation energies of helium compared to hydrogen, one expects the
helium line emissivity to be much more sensitive to the density and excitation conditions.
The absence of helium line emission is therefore not as robust an indication that no CSI

has taken place.
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6.5 Shell Models of the Spectrum of SN 1999as

To explore the CSI hypothesis for SN 1999as, we have calculated synthetic spectra
using the Monte Carlo code described in Chapter 3. Assuming the phase of strong CSI
occurred prior to the first spectroscopic observations, the only direct spectral evidence of
the interaction we have is in the restructuring of the supernova ejecta. We use the density
law of Equation 6.4, but with all material above vy, decelerated into a shell. For n = 7,

the mass of supernova ejecta above vax is

Mo\ '/ Eg \? Dy -4
My, o = 0.04M, . 6.5
nsh © <M@ > (1051 ergs / \ 14000 km s~ (6:5)

The initial momentum P of the ejecta above vyax can also be determined by integrating

Equation 6.4. From conservation of momentum we then find the mass of the swept-up

circumstellar material,

1
Mcs,sh ~ PI/Umax - Msn,sh = ngn,sh- (66)

Because the interaction is Rayleigh-Taylor unstable, the material in the inner and outer
shells may be mixed (Chevalier & Klein, 1978).

To give an illustrative example, we use an energetic model with My,=5 M and
E¢=10x105" ergs. This leads to an outer shell mass of ~0.2 M, which we assume is located
between velocities 12500-14000 km s '. In addition, we assume homologous expansion,
although it is not clear that this condition will be met. To compare to the March 15
SN 1999as spectrum we use a luminosity Lo = 4 x 10*® ergs s~ and a time since explosion
texp = 40 days. Figure 6.6 shows the model spectrum compared to the observations. The fit
is very good, with many narrow Fe II and Ti II lines reproduced, including the prominent
Fe II triplet. In addition, the Ca II H&K blueshifts are correct and the O I and Si II
absorptions have a sharp blue edge.

Given our framing of the problem, the spectrum of SN 1999as requires a rather
massive, energetic explosion like the one used in Figure 6.6. If the parameters appropriate

for SN 19941 are used (Mg,= 1 Mg, Fg,=1x10%" ergs), the resulting densities and shell
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mass (~0.05M) are too small to reproduce the spectral features. On the other hand, an
extremely energetic hypernova model doesn’t seem realistic either. For parameters Mg,=
20 and Fy,= 50x10°! ergs, the shell mass exceeds 2 My, and is optically thick to electron
scattering up to 100 days after the explosion. In this case, a pseudo-photosphere forms in
the shell, and all narrow line formation is washed out.

Obviously the explosion and subsequent interaction need to be modeled self-
consistently, but the relatively large shell mass and the extreme luminosity of SN 1999as
suggest that the supernova explosion may have been more energetic than normal. The
realization that Mg, ~ 0.03 Mg also constrains the mass-loss rate in the super-wind.

Assuming the densest CSI was overrun by day ~20, the mass-loss rate is

. M max -t t X !
M =~ 4 x 1073M® yr1< cs,sh > < Uy 1) < Uma 1) < exp > ,
0.03 M ) \ 100 km s 14000 km s 20 days (

6.7

where v, is the wind velocity. Red giant stars have wind velocities of order 10 km s~ !,

whereas a Wolf-Rayet progenitor could have v, ~ 2000 km s !.

In either case, the mass
loss was extreme, and occurred within 10-100 years of the supernova explosion.

Our empirical conclusion is that to fit the spectrum of SN 1999as, all material
above vmax=14000 km s~ must be removed into a shell of mass ~ 0.1 Mg, and thickness
roughly AR/R, =~ 0.15. However, our model in Figure 6.6 has glossed over the details of
shell formation. The shell thickness we have used (AR/R; ~ 0.15) is consistent with the
adiabatic self-similar solutions of Chevalier (1982). However, in the adiabatic case these
shells will be hot, and they probably will not have had time to cool sufficiently by expan-
sion. If the shells cool radiatively during the interaction phase, the pressure imbalance will
compress them into an even thinner layer, in which case they may become too thin to create
narrow absorption lines (note, the depth of the line at a certain wavelength depends on the
percent of the photosphere covered on the corresponding CV plane, and so is proportional
to AR/Ry). In the future, we need realistic hydrodynamical /interaction calculations to de-
termine the resulting shell thickness. In general, however, the picture presented here seems

very appealing.
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Figure 6.6 Synthetic spectrum of a shell model (thin line) compared to the March 15 spec-

trum of SN 1999as. The inset shows a zoom-in on the region of narrow line formation.

6.6 Conclusions

The basic puzzle of SN 1999as is that its spectrum indicates normal or low kinetic
energy, whereas its luminosity was extraordinary. It is difficult for any existing model of
SN Ic explosions to explain this unlikely combination of properties. Spherical hypernova
models are unable to reproduce the low absorption blueshifts and narrow Fe II lines, while
normal SN Ic explosions cannot power the luminosity. We have argued here that SN 1999as
may indeed have been an energetic SN Ic, but that both its light curve and its ejecta
structure were profoundly affected by circumstellar interaction.

Our analysis has focused on the spectra of SN 1999as, and we leave detailed mod-
eling of the light curve to future work. Presumably strong CSI can explain the early, very
bright observations of SN 1999as in a way similar to that already discussed for SN 1997cy
and SN 1998S (Turatto et al., 2000; Chugai, 2001) (note that Turatto et al. (2000) claim
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that even when strong CSI is taken into account, a hypernova-like kinetic energy is needed
to tap enough kinetic energy to reproduce the high luminosity of SN 1997cy). In SN 1999as,
the strongest CSI has apparently ceased by around day ~25, but contributions to the lumi-
nosity may still come from the continued deceleration of the supernova ejecta by a reverse
shock, or from diffusion of the thermal energy released in the earlier epoch of interaction.
In any case, it is likely that at these later times, the 55Ni produced in the initial explosion
makes an increasingly dominant contribution to the total luminosity. In fact, to achieve
the narrow line formation, it is essential that the primary energy source be situated within
the shell any radiation generated at or exterior to the shell will dilute the line strengths
(Branch et al., 2000). However, assuming we attribute the earliest, extremely bright obser-
vations of SN 1999as to CSI, the required “°Ni mass needed to explain the later-time light
curve (~0.5-1.0 M) may not be totally unusual for energetic SNe Ic.

If the CSI interpretation is correct, the observations of SN 1999as strengthen the
connection between SNe Ic and SNe IIn in an unexpected way. Such a connection had
already been guessed at from the SN Ic-like spectrum of SN 1998S (Leonard et al., 2000a),
and the broad, SN 1998bw-like absorption features of SN 1999E and SN 1997cy (Filippenko
et al., 1999; Turatto et al., 2000). A interesting link is also suggested by the tentative
association of both SN 1997cy and SN 1999E with GRBs (Germany et al., 2000; Rigon
et al., 2003). If in addition one recalls that Hamuy et al. (2003) found a Type-Ia supernova
with strong narrow hydrogen emission lines, it starts becoming clear that the SNe IIn are
probably not a distinct sub-class of supernovae, but encompass the entire range of known
supernova types that, for whatever reason, happened to occur in a dense CSM. The fact that
the SN 1999as spectra were so typical of a SN I¢, and that no narrow emission lines were
seen, raises an interesting question: Might circumstellar interaction be significantly affecting
the luminosity, light curves, and ejecta structure of many other supernovae, without leaving

any of the obvious traces?



145

Chapter 7

Conclusion

7.1 Summary

The goal of this thesis has been to apply 3-D radiative transfer techniques to study
asymmetry in supernovae. In Chapter 2 we laid out the basic concepts and in Chapter 3
the mathematical/computational methods needed to approach the transfer problem. The
following three chapters consisted of applications. In Chapter 4 we took a “top-down”
approach, empirically fitting the polarization data of SN 2001lel, and speculating about
the implications of its geometry for theoretical models of SNe Ia. In Chapter 5, we took
a “bottom-up” approach, calculating the optical properties of a supernova with an ejecta
hole, and speculating about the relevance of the asymmetry to observations of SNe Ta. A
little bit of both approaches went into the analysis of the unusual Type Ic SN 1999as in
Chapter 6.

In this Conclusion, we first look ahead to planned advances in the 3-D radiative
transfer methods. We then discuss how the results of this thesis relate to the larger scientific
questions raised in the Introduction. We end with some general reflections on the challenge

of studying supernovae in 3-D.
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7.2 Improvements to the Radiative Transfer Calculations

The Monte Carlo methods pursued in this thesis proved highly applicable to the
problem of 3-D radiative transfer in supernovae. The only major drawback of the approach
is the computational inefficiency, and this becomes increasingly irrelevant as the speed of
computers advances. In the future, we hope to improve both the applicability and the
physical accuracy of the calculations within the basic MC framework. Two of the most
significant planned developments are discussed below.

Time Dependence: Relaxing the quasi-static assumption made in the current cal-
culations would allow for computations of 3-D supernova light curves, polarization curves,
and a self-consistent time series of spectra. Time-dependence can be incorporated into the
MC procedure in a symmetric way. To our 3-D atmospheric grid we add a fourth time
dimension, and photon packets now propagate not only through the spatial grid, but also
the temporal one. In taking a spatial step of length Awv, the packet also moves forward
in time a duration Awvtey,/c. All packets that escape the atmosphere are binned in both
viewing angle and time observed.

Chugai (2000) has implemented these ideas in a relatively simple MC light curve
code, which assumes spherical symmetry and a constant opacity. The goal of future work
is to generalize time-dependent methods to include 3-D models with realistic opacities,
gamma-ray deposition, polarization, and an iterative solution of the evolving temperature
structure. Such calculations are essential for testing the validity of 3-D explosion models,
and for investigating, for example, how asymmetries might affect the width-luminosity
relationship so essential to SN Ia cosmology.

Non-Local Thermodynamic Equilibrium: Perhaps the most significant physical ap-
proximation made in the present code is that ionization and excitation are computed in local
thermodynamic equilibrium. Although this is likely a reasonable approximation for SNe Ia
near maximum light, inclusion of NLTE is necessary for calculating SN II atmospheres and
for quantitative accuracy in the SNe Ia. The assumption of LTE completely breaks down

at very late times (the nebular phase); here the ejecta are optically thin in the continuum,
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and the emission is through low-level forbidden lines (Ruiz-Lapuente et al., 1995). 3-D neb-
ular spectra provide a powerful diagnostic of supernova models, as late-time observations
probe the innermost layers of supernova ejecta. For example, the 3-D SN Ia deflagration
models (see Figure 2.3) have unburned carbon and oxygen at their center, whereas in a
deflagration-to-detonation explosion this would be burned to *’Ni by the detonation wave.

Solving for departures from equilibrium can, in fact, be naturally incorporated into
the MC scheme through a solution of the rate equations and a procedure of branching (Li
& McCray, 1993; Zhang & Wang, 1996; Lucy, 2001, 2002, 2003). These techniques make it
feasible for MC codes to eventually match the physical accuracy of formal solutions of the

radiative transfer equation.

7.3 Scientific Retrospective

In the Introduction to this thesis, we mentioned how studies of the spectra and
polarization of supernovae related to three larger scientific questions. Now we reflect on the
small ways in which we have touched upon these areas, and discuss how future studies may

contribute further to our understanding.

7.3.1 Type Ic Supernovae and GRBs

Our study of the peculiar Type Ic supernova SN 1999as (Chapter 6) emphasized
the spectroscopic and photometric diversity of SNe Ic. SN 1999as was further evidence that
the kinetic energy as measured from the spectral lines is not always a good indicator of the
luminosity. One of the main challenges of future theoretical modeling will be to understand
the wide range of SN Ic¢ properties, and explain why some create GRBs, while others, like
SN 2002ap and SN 1999as, apparently do not.

The “collapsar” /jet scenario is perhaps the most popular model for SNe Ic/GRBs,
but as yet no multi-dimensional explosion calculation has been directly compared to super-
nova observations. Among the questions that might be addressed by future 3-D radiative

transfer calculations are the followingq: Is enough high-velocity material ejected along the



148

(largely evacuated) polar regions to explain the broad spectral features of SN 1998bw? Are
the shape and compositional asymmetries consistent with the polarization levels and polar-
ized line features? Is the amount of 5Ni produced and the trapping of gamma-rays in the
aspherical ejecta sufficient to explain the light curve? What are the consequences of jets
of different energy or collimation angle? What do the models look like when viewed away

from the jet axis, and what connection is there, if any, to the normal SNe Ic?

7.3.2 The Progenitors and Explosion Mechanism of SNe Ia

Most people believe that the progenitors of SNe Ia are white dwarfs accreting
material from a non-degenerate companion star. Direct verification of this, however, has
been slow to come. The recent discovery by Hamuy et al. (2003) of SN 2002ic, a SN Ia
with overwhelming strong hydrogen emission, does not necessarily clear up the issue (Livio
& Riess, 2003; Baron, 2003). If SNe Ia in general arise in the vicinity of a hydrogen-rich
companion, why have we not see any signs of the hydrogen until now?

In this thesis we have noted several more subtle ways in which we may detect traces
of a companion star. The high velocity material seen in SN 2001el could be explained as
the result of swept-up circumstellar material (Gerardy et al., 2003), or material stripped
directly from the companion star upon impact (Marietta et al., 2000). In fact, both Branch
et al. (2004) and Thomas et al. (2004) have suggested an identification of high-velocity HS
in the Type Ia SN 2000cx, which if correct would strongly suggest that the material was
associated with the companion in some way. In SN 2001el, the polarization data allowed us
to infer a unique geometry for the high velocity material, which suggests that this material
did indeed have a different origin than the bulk of the ejecta.

Our calculations of a SN Ia with an ejecta hole (Chapter 5) have provided some
completely new tests of the single-degenerate progenitor scenario. Assuming the simulations
of Marietta et al. (2000) are reliable in the sense that a substantial hole is indeed formed
and does not quickly close with time, our studies suggest that signs of a companion may

have already been seen in the polarization and SN 1991T-like spectral peculiarities of some
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SNe Ia. Moreover, we have described some observational signatures that will allow us to
rigorously test for the ejecta-hole in the future.

The most important new issues to address in SN Ia studies are those related to the
supernova explosion physics. As discussed earlier, 3-D deflagration models predict a very
clumpy ejecta composition structure. Whether this highly irregular structure is consistent
with observations is not yet clear (Thomas et al., 2002). If the deflagration transitions into
a detonation, however, most of the inhomogeneities will be burned away (Hoflich et al.,
2002). In the next year or so, full explosion models will be run to completion, and made

available for 3-D radiative transfer calculations.

7.3.3 Type Ia Supernovae and Cosmology

Although the number of published SNe Ia with clear polarization detections is
still relatively small, many more (so far unpublished) have been observed. Asphericity is
therefore not the exception, but the rule for SNe Ia. This may have a number of subtle
consequence on the use of supernovae as calibrated candles for cosmology.

Given the observed polarization levels, asymmetry is expected to cause a ~ 20%
dispersion in SN Ta peak magnitude (Howell et al., 2001; Kasen et al., 2003a). If the
asymmetry is identical in all supernovae, this dispersion behaves like a statistical error
(although a non-Gaussian one) and can be averaged out by observing enough objects. The
averaging out is not achieved, however, if one does not sufficiently sample every possible
viewing angle. For example, in the ejecta hole model, the luminosity peaks sharply for
views down the hole, and so the reduction of errors will hinge upon how often we sample
this infrequent view. Trouble may also arise if some viewing angles are withheld from the
sample due to concern over their spectral peculiarities, or because of an ill-advised data cut
(e.g., on color). In addition, if the nature, degree, or frequency of the asymmetry evolves
with redshift (say, because of evolving progenitor populations), the peak magnitudes of
SNe Ia become a function of redshift.

These potential effects on cosmology should be relatively small, but may need to
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be considered in the next generation of precision supernova cosmology experiments. For
example, the proposed SNAP satellite experiment would like to control systematic errors
to the < 2% level (Aldering et al., 2002) if the uncertainties are increased to just 4%,
the determination of the cosmic equation of state parameter w and its time derivative are
significantly degraded (Kim et al., 2004). In general, one should try to accomplish this level
of precision empirically, without having to rely on the still uncertain theoretical models.
However, 3-D radiative transfer calculations may be helpful in identifying the potential
sources of luminosity variations, and how they may be correlated with observables. One
might hope to identify key spectral and photometric features that reduce the intrinsic
dispersion of SNe Ia, and provide a handle on any potential evolution of the asymmetry

with redshift.

7.4 Some Final Reflections

Looking ahead to future studies of asymmetry in supernovae, what are the chal-
lenges facing us? The first thing to admit is that the fundamental problem ahead is not
the difficulty of solving the 3-D radiative transfer problem. This is despite the substantial
suffering endured already in beginning to develop such transfer codes in the end, although
3-D radiative transfer problems pose a very significant technical challenge, the physics is for
the most part well understood, and it is fairly straightforward how to proceed; all that is
needed is powerful enough computers and a good deal of dedication, and the first of these,
at least, is certainly not long to come.

The more fundamental difficulty in 3-D studies, then, is the opening up of an enor-
mous parameter space. We confronted the problem head-on in our fitting of the polarization
spectra of SN 2001el in Chapter 4. In that case, even though we constrained our models to
idealized “two-axis” systems, the number of available configurations was still overwhelming,
and fitting the data through trial and error was at the limit of what is humanly possible.
Moreover, as the number of free parameters is increased further, the meaning behind the

fitted values probably diminishes. Eventually, we had to admit that this inverse problem
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was ill-posed, and that more than one configuration could provide a good fit to the data.
This fundamental limitation would not have been helped by taking more observations at
more epochs, or with higher signal-to-noise ratio there simply is not enough information
in the observations of an individual supernova to completely constrain the geometry of its
ejecta.

Thus, the fitting of data in an empirical spirit an approach which has been so
crucial to our understanding of supernovae to date — may become an increasingly useless
exercise when we move to 3-D. One might therefore abandon the “top-down” approach in
favor of first-principle, “bottom-up” calculations. The role of the radiative transfer specialist
is then to churn out the optical properties of hydrodynamical explosion models, and compare
them against observations. Unfortunately, a different set of difficulties emerge. First, even
our most fundamental explosion calculations will still have to include a very large number
of free parameters, as we will never fully know the initial conditions describing the structure
and geometry of the supernova progenitor or its environment. Second, each 3-D supernova
model actually makes not one, but multiple predictions depending upon which of the many
different lines of sight from which it is viewed. Third, if we believe, as we do, that much
of the geometrical structure in supernovae is the result of random processes, then both the
object and our simulation of it are singular events even if our treatment of the physics
and knowledge of the initial conditions are completely correct, the predicted theoretical
ejecta structure may not match up to any actual observed event. Finally, because the
spectropolarimetric signatures can be rather sensitive to the detailed ejecta structure, a
model that does indeed capture the salient features of the explosion scenario may still fail
to “fit” the data of any supernova very well. In fact, by pure coincidence the data may be
fit as well by an irrelevant model. Thus, the process of comparing theory to observations is
no longer completely trivial.

The final solution may require a synthesis of both the “top-down” and “bottom-
up” approaches. While it may not be possible to empirically reconstruct the 3-D structure of
any given supernova, using the “top-down” approach in Chapter 4 we were able to constrain

the allowed regions of parameter space, and this narrowing of the possibilities is certainly of
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some use in guiding detailed explosion models. On the other hand, while our “bottom-up”
calculation of the ejecta-hole model may not have been able to perfectly fit the polarization
data of any particular supernova, we could understand the qualitative trends arising from
the explosion/progenitor scenario, and hence assess its general relevance to observations.

Our theoretical insights into supernova asymmetry thus involve clarifying the rele-
vant polarization signatures and line-of-sight variations specific to different geometries. For
this reason, future studies of 3-D supernovae may focus less on “fitting” individual objects,
and more on identifying the statistical properties inherent to a specific subset of models.
The “predictions” of these theoretical models will be the statistical distribution of certain
observable quantities, such as light curve rise times, absorption blueshifts, continuum polar-
ization levels, etc. Different regions in the theoretical parameter space can be ruled out by
comparing calculated distributions to those of a large sample of well-observed supernovae.
We can only hope that supernovae are not so diverse a phenomenon that the geometrical
effects are lost in a confusion of other sources of individual variety.

While this thesis has focused on theoretical studies of supernovae, for the fore-
seeable future our understanding will be driven by the observations. Given the number of
peculiar objects turned up in the last few years alone, it is clear that we haven’t yet come
close to completely sampling the full variety of supernovae; in any program that discovers
many supernovae — or looks very closely at one — you are almost assured of finding something
unexpected. In the next decade the quantity and quality of the observations should both
greatly increase; before long, thousands of well-observed supernovae may be available. It is
hoped that once the rich data set is laid out before us, most of the mysteries surrounding
supernovae will be dissolved. Actually, the opposite may be the case with the ceaseless
variety of these objects exposed, more questions will be raised than answered. Then we face
an even greater challenge to piece together a coherent picture of what is an increasingly

diverse and complicated phenomenon.
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